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Cytokinesis is the final step of cell division crucial for cell growth and development.  
A clear understanding of the spatial and temporal regulatory mechanisms of 
cytokinesis is important not only for basic knowledge of the cellular function but 
also for developing effective countermeasures against various diseases such as 
cancer and birth defects. 
 
Animal cell cytokinesis consists of four steps: cleavage plane determination, 
cleavage furrow formation, ingression and abscission.  The mitotic spindle is 
responsible for the determination of the position of the cleavage plane.  After the 
division plane is determined, cytokinetic machinery such as actin and myosin II are 
assembled and form the actomyosin contractile ring.  Constriction of the contractile 
ring drives furrow ingression.  Abscission occurs after a furrow has fully ingressed.   
 
Numerous studies have focused on the functions of the proteins that localized at the 
cleavage furrow in order to elucidate the molecular mechanisms that regulate 
cytokinesis.  However, there is an increasing body of research suggesting that 
cytokinesis in animal cells likely involves entire cortex in addition to equatorial 
cortex.  Thus, it is important to identify the functions of each protein involved in 
cytokinesis at a high spatial and temporal resolution. 
 
 In this thesis, I have studied the molecular mechanisms that regulate the 
determination of the position of the cleavage furrow and the cleavage furrow 
formation in cytokinesis in mammalian cells using molecular manipulations and 
microscopy-based techniques. 
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Correct positioning of the cleavage plane requires proper regulation of the 
microtubule dynamics in mitotic spindle.  It has been suggested that stable 
microtubules at the equator stimulate the formation of the cleavage furrow, while 
dynamic astral microtubules likely inhibit cortical ingression in the polar region.  
While many studies have focused on the molecular mechanisms that stabilize 
microtubules at the equator, little is known on how astral microtubules maintain 
their dynamic status.  In Chapter III, I have shown that the kinase activity of aurora 
B, a member of the chromosomal passenger complex, is required not only for 
stabilization of microtubules at the equator but also for the maintenance of the 
dynamic status of astral microtubules to ensure that the cleavage furrow forms at the 
equator.   
 
Cleavage furrow formation involves flux-dependent transport of pre-existing actin 
filaments and de novo assembly activities.  Although functions of Rho family 
GTPase RhoA in this process have been established, additional mechanisms are 
likely involved.  Another Rho family GTPase Cdc42 has been suggested to be 
involved in the regulation of actin cytoskeleton during cytokinesis.  However, its 
detailed functions remain obscure.  In Chapter IV, I have shown that Cdc42 
contributes to actin assembly by stabilizing actin filaments, promoting de novo 
assembly through N-WASP and negatively cross-talking with RhoA during 
cytokinesis of mammalian epithelial cells. 
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1.1 The cell cycle and cell division 
 
Cell growth and reproduction are fundamental features for all living organisms. 
To this end, cells undergo the sequential events termed cell cycle.  The cell cycle 
is divided into four distinct phases: G1, S, G2 and M.  G1, S and G2 collectively 
are called interphase.  In interphase, duplication of genetic materials and cell 
growth occur.  M phase, in which cell division occurs, consists of tightly coupled 
events termed mitosis and cytokinesis.  Mitosis is responsible for faithful 
segregation of genetic materials into two daughter cells.  This process is followed 
by cytokinesis, in which the cell is physically divided into two.   
 
Mitosis is composed of five sequential phases: prophase, prometaphase, 
metaphase, anaphase, and telophase (Figure 1).  Segregation of the replicated 
chromosomes is mediated by the cytoskeletal machine termed the mitotic spindle.  
The mitotic spindle is mainly composed of microtubules and their associated 
proteins.  
 
At prophase, the replicated chromosomes are condensed, while the duplicated 
centrosomes start separating apart, forming the mitotic spindle.  At prometaphase, 
nuclear envelopes break down and microtubules (kinetochore microtubules, 
Figure1, prometaphase) emanated from separated centrosomes attach to the 
kinetochores of chromosomes, pushing them towards the center of the cell.  At 
metaphase, all chromosomes are aligned at the equator of the mitotic spindle.  
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Upon anaphase, the mitotic spindle organization is dramatically rearranged.  
While the kinetochore microtubules start pulling chromosomes apart, astral 
microtubules (microtubules emanated from centrosomes toward polar cortex, 
Figure1, anaphase.) extensively elongate, allowing their subpopulation to extend 
from the spindle poles (centrosomes) to the equatorial plane of the cells.  In 
addition, in the region between the separated chromosomes (termed spindle 
midzone), antiparallel microtubules are newly developed (termed midzone 
microtubules, Figure1 anaphase).  At telophase, two sets of daughter 
chromosomes reach near the spindle poles and decondense.  Cytokinesis usually 
begins at late anaphase or telophase.  During cytokinesis, astral microtubules that 




Figure 1: Organization of microtubules typically observed in tissue cultured 
cells during M phase. 
 
M phase consists of mitosis (nuclear division) and cytokinesis (cytoplasmic 
division).  Mitosis is divided into five stages: prophase, prometaphase, metaphase 
and telophase.  Cytokinesis usually starts at late anaphase or telophase.  At 
prometaphase, chromosomes attach to kinetochore microtubules.  Till metaphase, 
astral microtubules are relatively short.  Upon anaphase, astral microtubules 
elongate and a subset of astral microtubules reach equator.  Antiparallel midzone 








Cytokinesis ensures the correct partitioning of the genetic material and cytoplasm 
into two daughter cells and is thus crucial for cell proliferation.  In animal cells, 
cytokinesis can be split into four discrete steps; cleavage plane specification 
(cleavage furrow positioning), cleavage furrow formation, ingression, and 
abscission.  
 
1.2.1 Cleavage plane determination 
 
The mechanism for the determination of the position of the cleavage plane differs 
among different organisms.  In higher plants, the preprophase band (PPB), which 
is mainly composed of microtubules and actin filaments, accumulates in a band on 
the plasma membrane.  The PPB becomes gradually thinner and marks the 
position where the cell divides.  Although the PPB is disassembled at metaphase, 
the division sites remains marked by unknown mechanisms.  During cytokinesis, 
the new cell plate grows from the center of the cell and fused with the cell wall at 
the zone formly occupied by PPB. 
 
In budding yeast, the division site is formed at the interface between the mother 
cell and daughter bud.  Thus division site selection is a consequence of the 
budding site selection.  To mark the budding site, in G1 phase, a filamentous ring 
of protein, septin, accumulates at the cortex near the previous budding site.  Septin 
ring directs formation of a new bud.  As the bud grows, the ‘bud neck’ becomes 
the future site of cytokinesis. 
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In fission yeast, a nucleus is positioned in the center of the cell by microtubules 
during interphase.  In interphase, a protein termed Mid1p localizes in the nucleus.  
Upon mitosis, Mid1p is released from the nucleus and accumulates at the cortex 
overlaying the nucleus, which recruits the other components to form the 
contractile structure.   
 
In animal cells, the position of the cleavage furrow is determined during anaphase.  
It has been suggested that the anaphase spindle is responsible for the 
determination of the position of the cleavage furrow (Rappaport, 1986; Hiramoto, 
1981).  Previous studies have attempted to understand the functions of the 
different populations of microtubules in mitotic spindle in positioning of the 
cleavage furrow.  
 
1.2.1.1 Roles of microtubules in positioning of the cleavage furrow 
 
Pioneering studies in marine invertebrates embryos have suggested that astral 
microtubules are responsible for the positioning of the cleavage furrow.  In the 
Rappaport’s experiment (Rappaport, 1961), ectopic furrowing was observed 
between neighboring spindle poles when a torus-shaped sand dollar embryo 
generated using a glass ball entered into second mitosis, suggesting that astral 
microtubules are sufficient for furrow formation (Figure 2A).  When the nucleus 
was removed from the heart urchin embryos, a significant number of these cells 
were able to form the cleavage furrow between two asters (Lorch et al., 1953), 
further suggesting that astral microtubules stimulate furrow formation.  
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There is equally compelling evidence that midzone microtubules are responsible 
for the position of the cleavage furrow positioning.  When a perforation was 
created between the equatorial cortex and the mitotic spindle at one side of tissue 
cultured cells at metaphase, no cleavage furrow was formed at the perforated side 
(Figure 2B).  In the cells with triple poles, the cleavage furrow was formed in the 
region where midzone microtubules were bundled (Rieder et al., 1997).  
Expression of the non-degradable mutant of cyclin B inhibited the formation of 
midzone microtubules, leading to a failure of furrow formation (Wheatley and 
Wang, 1996).    
 
These differences in the role of astral versus midzone microtubules are not likely 
due to differences in cell type as elegant micromanipulation experiments in 
grasshopper spermatocytes indicate that both astral and midzone microtubules can 
induce furrow formation.  When asters were dissociated from the spindle at 
metaphase/early anaphase and then sequestered into a membrane pocket by 
microneedles, astral microtubules bundles were formed at late anaphase and 
cortical ingression occurred at the cortex proximal to the bundles of microtubules 
in the pocket, suggesting that astral microtubules are sufficient for furrow 
formation (Alsop and Zhang, 2003).  Interestingly, when both chromosomes and 
asters were removed from late mitotic cells to produce the cells possessing only 
midzone microtubules, the cortex adjacent to the bundled midzone microtubules 
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Figure2: Classic experiments demonstrate that astral microtubules position 
the cleavage furrow in embryos whereas midzone microtubules stimulate 
furrow formation in tissue cultured cells. 
 
(A) In a “torus”-shapped sand dollar embryo, ectopic furrow formed between two 
adjacent asters of two spindles.  (B) In a tissue cultured cell, when a perforation is 







showed furrow ingression even after the array of microtubules was rotated to 
avoid signals placed at an earlier phase (Bonaccorsi et al, 1998; Bucciarelli et al, 
2003).  Taken together, these experiments suggest that both astral and midzone 
microtubules are able to stimulate furrow formation. 
 
The other elegant experiments using PtK1 cells have suggested that the position of 
the cleavage furrow is determined by the specialized microtubules of the anaphase 
spindle.  In cells with monopolar spindles generated by inhibiting centrosome 
separation, chromosomes accumulate around the one side of undivided 
centrosomes.  When these cells were microinjected with an inhibitor for Mad2, a 
key protein for the spindle checkpoint, they entered anaphase (although both sister 
chromatids migrated toward the centrosomes) and, strikingly, the cleavage furrow 
was formed on the side opposite to the centrosomes.  In these cells, microtubules 
emanating around the chromosomes elongated toward the cell cortex facing the 
chromosomes and bound to the cortex (Canman et al., 2003).  Kymographic 
analyses revealed that microtubules in the furrow region were stable while those 
in the polar region were dynamic (Canman et al., 2003).  A similar difference in 
the dynamics of microtubules was also observed in the normal cells with bipolar 
spindle.  Microtubules associated with the equatorial cortex were more stable than 
those along the polar cortex.  Taken together, these results suggest that stabilized 
microtubules are able to stimulate furrow formation.  
 
1.2.1.2   Molecular mechanisms for the determination of the position of the 
cleavage furrow 
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How are microtubules associated with the equatorial region stabilized and how do 
these microtubules determine the position of the cleavage furrow?   
Proteins/protein complexes that interacted with microtubules such as PRC1, the 
centraspindlin complex, and the chromosome passenger complex are involved in 
the stabilization of microtubules at the equatorial region.  In addition, the 
centralspindlin complex and a member of the choromosome passenger complex, 
aurora B kinase (see below) are also involved in the regulation of equatorial RhoA 
activity (Miller, Bement, 2009), which aids in the the formation of the cleavage 
furrow (see below).  Stabilized microtubules might further contribute to the 
positioning of the cleavage furrow by catalysing the activity of aurora B (Fuller et 
al, 2008) or localization of the centralspindlin complex at the equator.    
 
PRC1 is originally identified in HeLa cells as a Cdk substrate (Jiang et al., 1998).  
Subsequently it was shown that PRC1 has the microtubule bundling activity and 
forms oligomers in vivo.  When it was overexpressed in mammalian cells, 
extensive bundling of interphase microtubules was induced (Jiang et al., 1998; 
Mollinari et al., 2002; Zhu et al., 2006).  Phosphorylation of PRC1 by Cdc2-
cyclinB inhibits oligomerization and its association with microtubules (Zhu et al., 
2006).  Upon anaphase onset, PRC1 is deposphorylated and translocates to the 
spindle midzone by a kinesin motor protein KIF4 (Kurasawa et al., 2004; Zhu and 
Jiang, 2005) where it bundles and stabilizes microtubules in the midzone 
microtubules   
 
The centralspindlin complex is comprised of a microtubule plus-end directed 
motor protein MKLP1 (in vertebrates) /ZEN4 (in C. elegans)/ Pavarotti (in 
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Drosophila), and an upstream regulator of RhoA, a RhoGAP protein 
MgcRacGAP (in vertebrates) / CYK-4 (in C. elegans)/ RacGAP50C (in 
Drosophila).  Unless otherwise stated, these components of the centralspinlin 
complex are refered to as MKLP1 and MgcRacGAP, respectively.  Biochemical 
experiments demonstrated that MgcRacGAP and MKLP1 assembled into 
homodimers seperately, prior to forming a heterotetrameric complex (Pavicic-
Kaltenbrunner, 2007).  During anaphase, centraspindlin complex is localized to 
spindle midzone and cross-linked midzone microtubule.  In vitro experiments 
demonstrated that the centraspindlin complex induces extensive bundling of 
microtubules (Mishima et al., 2002).  Its microtubule bundling activity requires 
the intact complex (Mishima et al., 2002). 
 
The chromosomal passenger complex has an important role in regulating the 
organization of midzone microtubules.  This complex includes a single enzymatic 
subunit aurora B kinase, and three other regulatory subunits, INCENP (inner 
centromere protein), survivin and borealin.  INCENP functions as the scaffold for 
the whole complex.  Moreover, binding of aurora B to INCENP stimulates the 
kinase activity of aurora B (Bishop and Schumacher, 2002; Sessa et al., 2005).  It 
remains controversial whether survivin and borealin regulates the kinase activity 
of aurora B.  However, ablating any subunit of the chromosome complex caused 
impaired localization of the other subunits and disrupts mitosis and cytokinesis 
(Ruchaud et al., 2007), suggesting that the entire complex is essential for both 
mitosis and cytokinesis.  
 
Until anaphase onset, the chromosomal passenger complex is mainly localized to 
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the centromeres of chromosomes.  After chromosomes separatation, this complex 
relocates from centromeres to the spindle midzone, where it regulates the 
organization of midzone microtubules via several different mechanisms.   
 
Both in vivo and in vitro experiments have demonstrated that aurora B can 
phosphorylate both MKLP1 (Guse et al., 2005) and MgcRacGAP (Minoshima et 
al., 2003).   In C. elegan, the chromosome passenger complex is required for the 
proper localization of MKLP1 at the spindle midzone.  Non-phosphorylated 
MKLP1 failed to localize to spindle midzone stably.  Overexpression of non-
phosphorylated MKLP1 led to aberrant cytokinesis (Guse et al., 2005).  
 
Aurora B is requried to maintain the stability of midzone microtubules through 
phosphorylation of a microtubule destabilizing protein MCAK (Mitotic 
Centromere-Associated Kinesin) which belongs to a kinesin-13 family.  Aurora B 
phosphorylates MCAK and inhibits its microtubule depolymerizing activity (Ohi 
et al., 2004; Lan et al., 2004). During anaphase, MCAK localizes in the cytoplasm 
and at the spindle poles.  A recent study showed that aurora B kinase generated an 
intracellular phosphorylation gradient of MCAK, with the highest concentration of 
phosphorylate MCAK at the spindle midzone, leading to the microtubule 
depolymerase activity of MCAK at the lowest level at that region (Fuller et al., 
2008), which contributes to the stabilization of microtubules at equator. 
 
Interestingly, equatorial microtubules are also important in the regulation of the 
chromosome passenger complex.  Aurora B kinase remained associated with 
chromosomes in cells overexpressing non-degradable cyclin B mutants that failed 
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to form midzone microtubules (Murata-Hori et al., 2002), suggesting that midzone 
microtubules are necessary for the relocation of aurora B from chromosomes to 
the spindle midzone.  Further experiments demonstrated that, in mammalian cells, 
the chromosome passenger complex interacts with a microtubule motor protein 
MKLP2 in the presence of Cdk1 activity at low level (Hümmer and Mayer, 2009), 
and such interaction is important for its relocation from centromere to the spindle 
midzone (Hümmer and Mayer, 2009, Gruneberg et al., 2004).  Moreover, 
midzone microtubules may stimulate autophosphorylation of the chromosome 
passenger complex, which enhances the kinase activity of aurora B (Fuller et al., 
2008). 
 
In addition to the regulation of microtubule stability, both the centralspindlin and 
the chromosomal passenger complex are directly involved in the positioning of 
the cleavage furrow through regulating another protein called RhoA.  RhoA is a 
member of the Rho family GTPases, which contains three main members, RhoA, 
Rac1 and Cdc42.  Rho family GTPases are implicated in a range of fundamental 
cellular processes, such as cell morphology, cell-cell contact, cell motility and cell 
polarity (Narumiya, 1996; Mackay and Hall, 1998; Heasman and Ridley, 2008).  
They cycle between an active GTP-bound and an inactive GDP-bound states and 
their cycling is regulated by the upstream effectors, gunanine nucleotide exchange 
factors (GEFs) and GTPase-activating proteins (GAPs) (Figure 3).  GEFs catalyze 
the replacement of GDP with GTP, thereby increasing the GTP-bound 
RhoGTPases level in the cell.  GAPs stimulate GTP hydrolysis activity, 
promoting the transition from the GTP-bound state to the GDP-bound state.  GDIs 
(the guanine nucleotide dissociation inhibitors) specifically bind to the C-terminus 
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of the GDP-bound Rho family GTPases, which in turn blocks their membrane 
localization by sequestering them into the cytoplasm.  In many cell types, 
inhibition of RhoA activity blocked the formation of the contractile ring (Kishi et 
al., 1993; Drechsel et al., 1997; Nakano et al., 1997), suggesting that RhoA is a 
key regulator for the formation of the cleavage furrow (see chapter 1.2.2).   
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Figure 3:  Rho GTPases cycle. 
 
Rho GTPases cycle between an active GTP-bound state and an inactive GDP-
bound state and their cycling is regulated by GEFs and GAPs.  GEFs activate Rho 
GTPases by promoting the replacement of GDP with GTP.  GAPs inactivate Rho 
GTPases by promoting the transition from the GTP-bound state to the GDP-bound 
state.  GDI specifically binds to the C-terminus of the GDP-bound Rho family 
GTPases, which in turn blocks their membrane localization by sequestering them 










A centralspindlin complex component, MgcRacGAP, is one of the Rho family 
GAPs.  Although biochemical experiments have demonstrated that MgcRacGAP 
only exerts weak (Toure et al., 1998; Jantsch-Plunger et al., 2000) or no 
(Raymond et al., 2001) GAP activity towards RhoA, phosphorylatation of 
MgcRacGAP at the midbody by aurora B in HeLa cells stimulates the inactivation 
of RhoA by MgcRacGAP, suggesting that both MgcRacGAP and aurora B 
activity might be esstential for the completion of cytokinesis (Minoshima et al., 
2003).  However, two recent reports argue against this simple notion.  In Xenopus 
embryos, it was shown that MgcRacGAP inactivated RhoA continuously during 
cytokinesis, which was important to restrict RhoA acitivity at the cleavage furrow 
(Miller and Bement, 2009).  The authors proposed that aurora B might also 
phosphorylate MgcRacGAP and triggered its GAP activity toward RhoA in early 
cytokinesis (Miller et al., 2008; Miller and Bement, 2009).  In another report, the 
authors suggested that in C.elegan embryo, MgcRacGAP played a role in 
inactivatation of another Rho family member Rac instead of RhoA, which might 
function in parrel with RhoA pathway to form the cleavage furrow (Canman et al., 
2008).  Nevertheless, the exact functions of MgcRacGAP and its regulation by 
aurora B kinase remain unclear. 
 
One of the Rho family GEFs, ECT2 was found to form a complex with 
centraspindlin during anaphase and cytokinesis in HeLa cells (Zhao and Fang, 
2005; Yuce et al., 2005; Kamijo et al., 2006).  Depletion of either component of 
the centralspindlin complex disrupted equatorial localization of ECT2, suggesting 
that centralspindlin is essential for equatorial accumulation of ECT2 (Zhao and 
Fang, 2005; Yuce et al., 2005; Chalamalasetty et al., 2006; Kamijo et al., 2006; 
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Nishimura and Yonemura, 2006). In contrast, depletion of ECT2 does not affect 
the midzone localization of centralspindlin (Yuce et al., 2005; Kamijo et al., 2006; 
Nishimura and Yonemura, 2006), suggesting that centralspindlin does not require 
ECT2 to localize to the spindle midzone.  RhoA failed to localize to the equatorial 
cortex in both cells depleted of the centralspindlin components and ECT2 (Zhao 
and Fang, 2005; Yuce et al., 2005; Chalamalasetty et al., 2006; Kamijo et al., 
2006; Nishimura and Yonemura, 2006).  Thus, these results suggest that 
centralspindlin recruits ECT2 to the spindle midzone, which likely activates RhoA 
at the equator during cytokinesis. 
 
 
1.2.2 Cleavage furrow formation 
 
After the position of the cleavage plane is established, actin filaments and myosin 
II are assembled to form the contractile ring.  The ring structure appears to be 
stable in the sense that it can be biochemically isolated (Schroeder and Otto, 1988; 
Walker et al., 1994; Fujimoto and Mabuchi, 1997).  However, it is highly dynamic 
in the cell since both actin and myosin II turn over rapidly (Murthy and 
Wadsworth, 2005; Guha et al., 2005).  In large embryos, a highly ordered actin 
“ring” is detected at the equatorial region (Schroeder, 1968).  In contrast, in 
adherent tissue cultured cells, ring structures are not apparent under some 
conditions (Fishkind and Wang, 1993).  These observations suggest that the 
organization of the contractile ring may be different among the different 
organisms, presumably due to the difference in their cell shape.   
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It has been shown that equatorial actin assembly involves two distinct 
mechanisms: the transport of pre-existing actin filaments and de novo assembly 
(Cao and Wang, 1990a; Cao and Wang, 1990b).  A recent study suggests that the 
actin transport requires myosin II ATPase activity (Zhou and Wang, 2008).  
Myosin II is transported to the equatorial region independently of its ATPase 
activity (Zhou and Wang, 2008).  However, the molecular mechanisms that 
regulate these processes are not fully understood. 
 
RhoA most likely promotes actin assembly through a Rho target, formin, during 
cytokinesis (Castrillon and Wasserman, 1994; Imamura et al., 1997; Tominaga et 
al., 2000; Pelham and Chang, 2002; Tolliday et al., 2002; Severson et al., 2002; 
Peng et al., 2003; Ingouff et al., 2005; Watanabe et al., 2008).  Formin-homology 
proteins are actin nucleation promoting factors and contain two highly conserved 
domains, FH1 and FH2.  FH1 domain binds to the profilin-G-actin complex to 
facilitate the elongation of actin filaments, while FH2 domain binds and stabilizes 
actin dimmer or trimmers and initiates actin assembly (Goode and Eck, 2007).  
The mammalian formin, mDia (mammalian homologues of Drosophila 
diaphanous) exists in an intramolecule inhibitory structure (Watanabe et al., 1999; 
Alberts, 2001).  Binding of RhoA to the N-terminal region of mDia induces the 
structural change and activates formin, leading to the formation of long 
unbranched actin filaments.   
 
Other Rho targets, Rho kinase/ROCK and Citron kinase, which phosphorylate 
myosin II regulatory light chain (Amano et al., 1996; Yamashiro et al., 2003), are 
also involved in cytokinesis (Madaule et al., 1998; Kosako et al., 2000).  Both 
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ROCK and Citron kinase are able to phosphorylate myosin II regulatory light 
chain, which in turn enhances myosin II ATPase activity.  ROCK is also known to 
phosphorylate myosin phosphatase MYPT, inhibiting its phosphatase activity 
(Kawano et al., 1999). 
 
Implication of other members of Rho family GTPases, Rac1 and Cdc42 in the 
formation of the cleavage furrow has also been suggested.  Polar body emission in 
mouse embryos, a process resembles cytokinesis, was suppressed when Rac1 
activity was inhibited (Halet and Carroll, 2007), suggesting that Rac1 activity 
might be required for cytokinesis.  On the other hand, in C. elegans embryos, 
cytokinesis defects induced by overexpressing CYK-4 mutant can be rescued by 
knocking down Rac1, suggesting Rac1 activity was down regulated by CYK-4 
during cytokinesis (Canman et al., 2008).  Thus, the functions of Rac1 in the 
cleavage furrow formation are currently controversial.  
 
Although previous studies revealed that Cdc42 played a role in cytokinesis 
(Dutartre et al., 1996; Drechsel et al., 1997), the precise functions of Cdc42 in the 
regulation of actin dynamics and organization during cytokinesis remain unknown.  
Interestingly, recent reports have suggested that RhoA and Cdc42 had distinct but 
complementary functions in actin assembly in wound healing and polar body 
emission of Xenopus embryos (Zhang et al., 2008), suggesting the intriguing 
possibility that RhoA and Cdc42 may have similar functions in the regulation of 
the cleavage furrow formation (see also the introduction section in Chapter 4). 
  19
1.2.3   Cleavage furrow ingression 
  
In the classic ‘intracellular purse-string’ model (Schroeder, 1972), the cleavage 
furrow ingression is thought to occur by a mechanism similar to muscle 
contraction, where myosin utilizes the energy from ATP hydrolysis to move along 
actin filaments toward the plus end.  However, the process of cytokinesis appears 
to be more complex than simple actomyosin based contraction. 
 
It has been shown that actin is dynamic at the equator (Pelham and Chang, 2002; 
Murthy and Wadsworth, 2005; Guha et al., 2005), and that actin assembly and 
disassembly are required for cytokinesis (O'Connell et al., 2001; Pelham and 
Chang, 2002; Murthy and Wadsworth, 2005; Guha et al., 2005).  Inhibition of 
actin polymerization by low doses of latrunculin A decreased the rate of ring 
closure in fission yeast, (Pelham and Chang, 2002), suggesting that the integrity of 
certain actin structures is required for cytokinesis.  A similar phenotype was also 
observed after global application of latrunculin A to mammalian cells (Murthy 
and Wadsworth, 2005).  On the other hand, local application of cytochalasin D or 
latrunculin A at the equator facilitates cytokinesis, suggesting that cortical actin 
disassembly promotes cytokinesis (O'Connell et al., 2001). 
 
Recent studies suggested that myosin II activity plays a role in facilitating actin 
turnover along the equator (Murthy and Wadsworth, 2005; Guha et al., 2005).  
Actin depolymerizing factor (ADF)/cofilin is also likely involved in not only 
formation and maintenance of the contractile ring (Nakano and Mabuchi, 2006), 
but also the regulation of actin disassembly during furrow ingression, as its 
  20
knockdown resulted in the robust accumulation of actin filaments along the 
equator and cytokinesis failure (Gunsalus et al., 1995; Somma et al., 2002; 
Hotulainen et al., 2005).   
 
In addition to actin assembly and disassembly, a recent study showed that 
cytokinesis involved remodeling of a cortex-associated, cross-linked actin 
filament network (Mukhina et al., 2007).  Overexpression an actin crosslinking 
protein α-actinin increased the accumulation of actin filaments at both equator and 
the entire cortex, leading to delayed cytokinesis and cytokinesis failure.  On the 
contrary, depletion of α-actinin decreased the density of actin filaments 
throughout the cortex, causing accelerated cytokinesis and ectopic furrowing 
(Mukhina et al., 2007).  These results strongly suggest that cytokinesis in 
mammalian cells requires remodeling of cortical actin network mediated by α-




Abscission is the last step of animal cell cytokinesis.  At the end of cytokinesis, 
the structure termed midbody is formed.  The midbody serves as a tether between 
two daughter cells and remains until these cells completely separate. 
 
A previous study using a conventional electron microscopy has revealed that the 
midbody is composed of tightly packed bundled microtubules, which is likely to 
be a remnant of the central spindle, embedded in the dense midbody matrix.  It is 
proposed that the midbody matrix might function as a glue to connect 
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microtubules with the plasma membrane to stabilize the midbody structure 
(Mullins and Biesele, 1977).   
 
A functional proteomics analysis has identified 160 candidate proteins that are 
present in the midbody of Chinese hamster ovary cells (CHO).  These proteins are 
classified into five groups: actin-associated proteins (29%), microtubule-
associated proteins (11%), membrane trafficking proteins (33%), protein kinases 
(11%), and unknown proteins (16%) (Skop et al., 2004).  Although a large 
number of actin-associated proteins present in the midbody, treatment of cells 
with an actin depolymerizng drug latrunculin B had no effects on abscission 
(Echard et al., 2004), suggesting that actin filaments and their associated proteins 
are not involved in this process.  In contrast, disruption of the spindle midzone by 
depletion of spindle midzone components led to a failure of abscission (Jantsch-
Plunger et al., 2000; Matuliene and Kuriyama, 2002; Tomas et al., 2004; Mollinari 
et al., 2005).  Moreover, a microtubule motor protein CHO1 is required for the 
proper organization of the midbody matrix (Matuliene and Kuriyama, 2004).  
These observations suggest that microtubules are involved in abscission. 
 
In C. elegan embryos (Skop et al., 2001) and some human cells (Gromley et al., 
2005; Tomas et al., 2004), cytokinesis was blocked when cells were treated with a 
protein transport inhibitor brefeldin A (BFA).  The components of the SNARE 
membrane fusion machinery such as syntaxin 2 and endobrevin/VAMP-8 were 
detected at midbody.  Moreover, inhibition of the functions of these proteins 
specifically blocked abscission (Low et al., 2003), suggesting that the process of 
abscission requires membrane fusion.  Currently, it is unknown whether the 
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SNAREs promote abscission by mediating the fusion of the plasma membrane or 
by fusing transported vesicles to the plasma membrane. 
 
A previous study suggested that in HeLa cells migration of a centrosome (mother 
centriole) into the midbody is required to promote abscission (Piel et al., 2001). 
One of the centrosome protein centriolin was observed localized to the midbody 
(Gromley et al., 2003), and is required for the midbody localization of the 
SNAREs (Gromley et al., 2005).  Thus, centrosome or centrosome associated 
proteins might be involved in remodeling of the membranes during abscission. 
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2 Material and Methods 
 
2.1 Cell biology 
 
2.1.1 Cell line 
 
Table 1: The NRK-52E cell line used in this study 
 NRK-52E 










2.1.2.1  Solutions 
 
0.05% trypsin:   
0.25% trypsin (GIBCO) 10ml 






NaCl 0.1 M 
Tris·Cl(pH 8.0) 10 mM 
EDTA(pH 8.0) 1 mM 
 
Cytoskeleton buffer (pH 6.1):   
NaCl 137 mM 
KCl 5 mM 
Na2HPO4 1.1 mM 
K2HPO4 0.4 mM 
MgCl2 2 mM 
EGTA(PH 8.0) 2 mM 
PIPES(PH 7.0) 2 mM 
Glucose 5.5 mM 
 
2.1.2.2  Drugs 
 
Drugs used in this study were listed in Table 2A.  Their mechanisms of action are 
shown in Table 2B. 
 
Table 2A:  A list of drugs used in this study: sources, storage and usage  
Name Source Storage condition 
Final 
Concentration 
Blebbistatin Calbiochem 100 mM, -20°C 100 µM 
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1 mg/ml, -80°C 0.8 mg/ml 
Nocodazole Sigma 3.3 mM, -20°C 10-15 µM 
Hesperadin Boehringer Ingelheim 10 mM, -80°C 100 nM 
Wiskostatin Calbiochem 11.73 mM, -20°C 10 µM 
 
 
Table 2B:  A list of the drugs used in this study: molecular mechanisms of 
action 
 
Name Molecular mechanisms of action 
Blebbistatin 
Inhibit myosin II ATPase activity by binding to myosin II-ADP-Pi 
and inhibit the release of the ADP  
Cytochalasin D 
Inhibit actin polymerization by binding to the barb end of the F-
actin, and blocking the G-actin to be released/added 
C3 Transferase 
 Inhibit RhoA activity by ADP-ribosylation on Asn41 of RhoA in 
the effector binding domain, and blocking the activation of its 
downstream effectors 
Hesperadin 
Inhibit aurora B kinase activity by competing with ATP to bind to 
the ATPase domain of aurora B 
Nocodazole 
Depolymerize microtubules by binding to tubulin dimmers and 
inhibiting polymerization. 
Wiskostatin 
Inhibit the activity of N-WASP by binding to and stabilizing N-





2.1.2.3 Antibodies    
 
Primary and secondary antibodies used in this study are listed in Table 3A and B, 
respectively.   
 
Table 3A: Primary antibodies used in this study 
 Product Source Fixation Dilution 
Anti-alpha tubulin Seikagaku Mouse 
(monoclonal)
PFA 1:3000 

























anti-myosin heavy chain 
IIA rabbit  










Anti-phospho-myosin Cell Signaling Mouse PFA 1:30 
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light chain 2 (Ser19) Technology (monoclonal)







Table 3B: Secondary antibodies used in this study 
Anti-mouse conjugated with 
Alexa Fluor 488 
Molecular Probes Goat 
(polyclonal) 
1:100 
Anti-mouse conjugated with 
Alexa Fluor 568 
Molecular Probes Goat 
(polyclonal) 
1:100 
Anti-rabbit conjugated with Alexa 
Fluor 488 
Molecular Probes Goat 
(polyclonal) 
1:100 
Anti-rabbit conjugated with Alexa 
Fluor 568 
Molecular Probes Goat 
(polyclonal) 
1:100 
Anti-rabbit conjugated with Alexa 
Fluor 643 
Molecular Probes Goat 
(polyclonal) 
1:100 
Anti-mouse conjugated with 
Alexa Fluor 643 





2.1.2.4 F-actin and DNA markers 
 





Table 4: F-actin and DNA markers used in this study 
Name Source Storage condition 
Final 
concentration 





200 Units/ml, -20 °C 4 Units/ml 
 
2.1.3 Cell culture condition 
 
NRK cells were maintained in Kaighn’s modified F12 (F12K; Sigma) medium 
supplemented with 10% FBS, 1 mM L-glutamine, 100 U/ml penicillin, and 100 
µg/ml streptomycin (GIBCO) at 37°C and 5% CO2. 
 
Cells were maintained on 100 or 60 mm culture dishes.  For microscopic imaging, 
cells were cultured on a custom made 35mm glass chamber as described 
previously (Mckenna and Wang, 1989).  Briefly, a 35 mm hole was drilled 
through a plate of acrylic plastic.  A layer of vacuum grease was then laid around 
the hole and the plate was autoclaved.  The hole was then covered by a sterilized 
large glass coverslip to form a culture chamber.  In order to obtain the best optical 
performance, I used No.1 thickness glass coverslips when uing 100 ×, NA 1.25 
Achroplan lens and 100 ×, NA 1.4 Plan-Apochromat lenses to view a specimen 
(Carl Zeiss), while No.2 coverslips were used for 100×, NA1.30, Plan-
NEOFLUAR lens.  
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To subculture, cells were rinsed with STE (~5 ml for 100 mm dish and ~2 ml for 
60 mm dish) briefly.  Cells were then treated with 2 ml of 0.05% trypsin for 1-5 
minutes at room temperature.  When the majority of cells were detached from the 
culture dish, an appropriate volume of the complete medium was added.  An 





Cells were grown on a coverslip chamber to 60%-70% confluency.  Immediately 
before transfection, cells were rinsed once with Opti-MEM I medium (Life 
Technologies).  The cells were transfected with 2 µg of plasmids using Superfect 
according to manufacturer's instructions (QIAGEN).  After 2 h incubation, the 
medium containing DNA-Superfect was replaced with the F12K medium 




Microinjection was performed at prometaphase/metaphase using custom drawn 
glass needles and FemtoJet pressure control system (Eppendorf).   
 
2.2 Molecular biology 
 
2.2.1 E.coli strain 
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The E.coli XL1 Blue was used for maintenance and amplification of the plasmid.   
 
2.2.2 Transformation of E. coli 
 
Electrotransformation was carried out with the BioradTM E.coli Pulser 
Transformed bacteria were selected on Luria-Bertani (LB) plates with 100 µg/ml 
ampicillin or 30 µg/ml kanamycin.  For plasmid amplification, bacteria containing 
plasmid were cultured in LB medium with vigorous shaking at 37°C overnight.  
Plasmids were then purified using QIAprep Spin Miniprep Kit (QIAGEN) or 
plasmid Maxiprep kit (QIAGEN) according to manufacture’s instructions. 
 
2.2.3 Plasmid construction 
 
GFP-actin and GFP-tubulin were obtained from BD Clontech.   
 
GFP and mRFP fused wild type Cdc42, constitutively active Cdc42 (CACdc42, 
Cdc42V12) and dominant negative Cdc42 (DNCdc42, Cdc42N17) were 
constructed using the respective HA tagged cDNAs [28] as templates and 
amplified with the PCR by using the primer: 5’-
CGGGATCCATGCAGACAATTAAGTGTGTTGTTGTG-3’, 5’- 
CCGCTCGAGTCATAGCAGCACACACCTGCGGCTCTT-3’.  The pXJ40 
plasmid was modified into an expression vector containing GFP/mRFP by insert 
HA-GFP/mRFP between EcoR I and BamH I.  Cdc42 cDNAs were then cloned 
into the BamHI and XhoI sites of the modified pXJ40 plasmid.  The final 
construct containing the following sequence: 
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5’-T7-EcoRI-HA-GFP/mRFP- BamH I –Cdc42/Cdc42V12/Cdc42N17-XhoI-3’ 
 
2.3 Microscopic imaging 
 
2.3.1.   Sample preparation for live-cell imaging 
 
For live-cell imaging, a coverslip chamber was overlaid with a layer of mineral oil 
(Sigma-Aldrich) to avoid evaporation of medium.  
 
2.3.2. Sample preparation for immunofluorescence staining 
 
Cells were rinsed twice with warmed PBS or cytoskeleton buffer, and then fixed 
with two fixative reagents.  Cells were fixed with 10% TCA for 15 min on ice or 
4% paraformaldehyde (EM Sciences) for 10 min at room temperature.  Cells were 
then washed with PBS or cytoskeleton buffer three times for 5 min and 
permeabilized with 0.2% Triton X-100 in PBS or cytoskeleton buffer for 2-5 min.  
After washing with PBS or cytoskeleton buffer three times for 5 min, they were 
blocked for 10 min with 1% BSA in PBS, and then incubated with primary 
antibodies for 45-60 min at 37°C.  After rinsing three times with 1% PBS/BSA, 
the cells were incubated with the appropriated secondary antibodies for 45 min at 
37°C.  To visualize DNA, cells were incubated with 10 µg/ml Hoechst 33258 for 
10 min. 
 
2.3.3 Image acquisition 
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For live-cell imaging, cells were maintained at 37°C in a custom made incubator 
built on top of an Axiovert 200 M inverted microscope (Carl Zeiss) and viewed 
with a 100×, NA1.30, Plan-NEOFLUAR lens.  All images were acquired with a 
cooled charge-coupled device camera (CoolSNAPHQ, Roper Scientific) using 
MetaView imaging software (Universal Imaging). 
 
Immunofluorescence stained samples were visualized using either the Axiovert 
200 M inverted microscope (100×, NA1.30, Plan-NEOFLUAR lens) or a LSM 
510 Meta confocal microscope system (100×, NA 1.25 Achroplan lens or a 100×, 
NA 1.4 Plan-Apochromat lens).   
 
2.3.4 Fluorescence recovery after photobleaching (FRAP) 
 
FRAP was performed using a Zeiss Meta 510 confocal microscope system using a 
100×, NA 1.25 Achroplan objective.  Cells were maintained in the incubator 
attached to top of the microscope to maintain the cells at 37°C and 5% CO2.  
Photobleaching was carried out with 488 nm laser at 100% laser power with 30 
iterations.  Time-lapse imaging was acquired at intervals of 3 sec. 
 
2.4 Image analyses 
 
2.4.1 Quantification of fluorescence intensity 
 
Fluorescence intensity was measured with MetaMorph (Universal Imaging). 
Briefly, regions of interest were selected and obtained average or integrated 
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intensity.  The intensity of the background was also obtained.  The results were 
logged into Excel and subjected to further analyses.  Analysis of variance and 
Student's t test in Microsoft Excel were used to test the significance of the final 
results. 
 
2.4.2  Kymographic analysis 
 
Z-stack images were acquired every 1-2 min and the images in the same focal 
plane were selected from Z-stack images at each time point.  The selected images 
were built into a time-lapse stack by Metamorph.  The regions of interest were 
assembled and analyzed using the kymograph algorithm in MetaMorph. 
 
2.4.3 Determination of the turnover rate 
 
The turnover rate was determined by the method described previously (Murata-
Hori et al., 2002) 
i   indicates fluorescence intensity in the bleached region at time infinity. 
it  indicates the fluorescence intensity in the bleached region at time t. 
t1/2  indicates the half recovery time. 
To calculate the turnover rate, the ln (i  - it) was plotted versus time, the 
regression line and the value of the slope (k, the rate constant), was determined by 
the built-in function in Excel.  The half time was then determined as t1/2 = ln2*(-1/ 
k).  Analysis of variance and Student's t test in Microsoft Excel were used to test 
the statistic significance of the final results. 
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In animal cells, the mitotic spindle is responsible for the determination of the 
position of the cleavage furrow.  It has been suggested that the different 
populations of microtubules in mitotic spindle likely function differently in the 
determination of the position of the cleavage furrow.  A previous study 
demonstrated that stabilized microtubules induce equatorial ingression, whereas 
dynamic astral microtubules likely inhibit cortical ingression at the polar region 
during cytokinesis of mammalian cells.   
 
When microtubules were treated with a microtubule stabilizing drug taxol, a 
single stabilized astral microtubule reached at the polar cortex was able to induce 
furrow ingression (Shannon et al., 2005), suggesting that stabilized microtubules 
are able to induce furrow ingression and thus the dynamic status of astral 
microtubules may be required to prevent furrow ingression at the polar region.  In 
silkworm spermatocytes, when two spindle poles are located at one side of the cell, 
cortical actin filaments flow to the opposite side of the cell, suggesting that astral 
microtubules exclude actin filament from the cortex and induce the cortical 
relaxation (Chen et al., 2008).  It has been shown that dynamic astral microtubules 
inhibit phopshorylation of myosin II regulatory light chain in echinoids zygotes 
(Foe and von Dassow, 2008) and suppress RhoA activation outside the equatorial 
region in LLC-PK1 cells (Murthy and Wadsworth, 2008).  These observations 
suggest that astral microtubules are involved in the proper positioning of the 
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cleavage furrow.  While the mechanisms for the stabilization of midzone 
microtubules have been well studied, it is not known how astral microtubules 
maintain their dynamic status during cytokinesis. 
 
The chromosome passenger complex plays an important role in the regulation of 
microtubule dynamics during anaphase (see the Chapter1).  Moreover, this 
complex exhibits different functions at different cell cycle stages. 
 
After nuclear envelopes break down, the chromosome passenger complex is 
localized along the chromosome arms where aurora B kinas phosphorylates 
histone H3 (Crosio et al., 2002; Goto et al., 2002) and regulates the loading of the 
condensin complex onto chromosomes (Gassmann et al., 2004), suggesting that 
aurora B kinase activity is involved in the maintenance of the architecture of the 
mitotic chromosomes.  The chromosome passenger complex is also responsible 
for the phosphorylation and inactivation of microtubule destabilizing protein 
stathmin around the mitotic chromosomes (Gadea and Ruderman, 2006; Kelly et 
al., 2007), which in tunr promotes the preferential microtubule polymerization to 
form the bipolar spindle (Andersen et al., 1997). 
 
At prometaphase, the chromosome passenger complex concentrates at 
centromeres, and regulates the interaction between microtubules and kinetochores 
and maintains the spindle checkpoint.  A protein called HEC1 (highly expressed 
in cancer-1), which is essential for microtubule-kinetochore attachment, is 
localized at kinetochores.  Aurora B negatively regulates the attachment of 
microtubules to kinetochores via the phosphorylation of HEC1 (DeLuca et al., 
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2006; Cheeseman et al., 2006).  Moreover aurora B specifically accumulates at 
the merotelically attached kinetochores where microtubules from both spindle 
poles bind.  It has been suggested that aurora B can correct such merotelical 
attachments by regulating the MCAK activity at kinetochores, which in turn 
disassembles microtubules that attached aberrantly (Lan et al., 2004; Andrews et 
al., 2004; Knowlton et al., 2006).  Aurora B activity is also required for proper 
localization of the spindle checkpoint protein BUB1 (Vigneron et al., 2004), and 
Mad2 (Murata-Hori, 2002) at kinetochores, which supports the notion that aurora 
B is required for the maintenance of the spindle checkpoint (Pinsky and Biggins, 
2005). 
 
Upon anaphase onset, the chromosome passengers relocate to the spindle midzone 
where they function in the stabilization of microtubules (see Chapter1).  
Perturbations of aurora B kinase activity with multiple approaches including 
overexpression kinase dead mutant (Murata-Hori and Wang, 2002)antibody 
microinjection (Kallio et al., 2002), and RNAi treatment (Kaitna et al., 2002;Hauf 
et al., 2003) caused defects in chromosome congregation, segregation, and a 
failure in completion of cytokinesis.  Remarkably, Kallio et al found that 
microinjection of aurora B specific antibodes induced extensive elongation of 
astral microtubules at prometaphase. These elongated astral microtubules are 
resistant to cold-induced depolymerization, suggesting that these microtubules 
were stable (Kallio et al., 2002).  These observations suggest that aurora B is 
critical for the maintenance of the proper dynamics of astral microtubules with 
unknown mechanism, raising the possibility that aurora B might be responsible for 
the regulation of the astral microtubule dynamics during cytokinesis. 
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Hereby, the consequences of aurora B kinase inhibition on astral microtubules 
during cytokinesis using a specific inhibitor of aurora B kinase, Hesperadin (Hauf 
et al., 2003) was determined.  Hesperadin was initially identified as a compound 
to inhibit cell proliferation (Walter et al, 2002) and was subsequently found to 
inhibit aurora B kinase activity specifically by binding to its ATP binding pocket 
(Sessa et al., 2005).   
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3.2 Results  
 
3.2.1 Effects of inhibition of aurora B kinase activity on cytokinesis 
 
Using time-lapse imaging, Treatment of HeLa cells with Hesperadin was found 
causing an impaired chromosome congression and/or chromosome missegregation 
which was frequently followed by cytokinesis failure, as previously reported 
(Hauf et al., 2003).  Notably, in 37.5% (6/16) of cells treated with Hesperadin that 
showed chromosome mis-segregation, the polar cortex protruded, eventually 
resulting in cortical ingression in the protruding region (Figure 4, i and j, arrows).  
Cortical ingression subsequently regressed and a binucleated cell was formed 
(Figure 4, l).  In contrast, in control cells, furrow ingression occurred along the 
equator after chromosome separation (19/19; Figure 4, a-f). 
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Figure 4:  Time-lapse imaging of dividing HeLa cells treated with Hesperadin.   
HeLa cells treated with DMSO (a-f) or Hesperadin (g-l) were monitored by time-
lapse phase contrast optics.  Elapsed time in minutes since anaphase onset is 
shown at the lower right corner.  In cells treated with Hesperadin that showed 
chromosome mis-segregation, the polar cortex protrudes abnormally (i, arrows), 
followed by local contraction in the protruding region (j, arrows).  The cortical 








3.2.2 Effects of inhibition of aurora B kinase activity on cytokinetic 
regulators 
 
To determine if Hesperadin treatment affects cytokinetic regulators such as actin 
and myosin II, I performed immunofluorescence in cells treated with Hesperadin.  
Actin filaments, myosin II heavy chain (MHC), and the phosphorylated regulatory 
light chain of myosin II (P-MRLC) that controls the contractility of actomyosin 
and RhoA localized around the lateral and polar cortex in Hesperadin-treated cells, 
while they predominantly accumulated at the equator in control cells (Figure 5).  
These results suggest that inhibition of aurora B kinase activity causes mis-
localization of the cytokinetic regulators that could induce abnormal protrusive 
activity of the polar cortex.  
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Figure 5:   Localization of cytokinetic regulators in cells treated with 
Hesperadin.   
 
HeLa cells treated with DMSO or Hesperadin were fixed and stained with DAPI 
(DNA) and (A) rhodamine-phalloidin (F-actin), (B) anti-phosphorylated MRLC 
antibody (P-MRLC), and anti-myosin II heavy chain antibody (MHC), or (C) anti-




3.2.3 Effects of inhibition of aurora B kinase on the microtubule dynamics 
 
As furrow ingression is regulated by microtubules during cytokinesis (Maddox 
and Oegema, 2003), I analyzed microtubule organization of cells treated with 
Hesperadin (Figure 6).  In control cells, midzone microtubules were formed 
between separated chromosomes, while short astral microtubules extended 
towards the polar cortex, and a subpopulation of astral microtubules elongated and 
terminated at the cell equator (Figure 6, top row).  In contrast, midzone 
microtubules were severely disorganized as previous described (Figure 6, bottom 
row, arrows, (Hauf et al., 2003).  Notably, astral microtubules were abnormally 
elongated, and highly polarized toward the polar cortex (Figure 6, bottom row, 
arrowheads).   
  43
Figure 6:  Microtubule organization during cytokinesis in cells treated with 
Hesperadin.   
 
(A) HeLa cells treated with DMSO or Hesperadin were fixed and stained with 
DAPI (DNA) and anti-α-tubulin antibody (Microtubules).  In cells treated with 
Hesperadin, midzone microtubules are severely disorganized (arrows), and astral 








To analyze the dynamics of microtubules during cytokinesis, I performed time-
lapse images of cells expressing GFP-tubulin treated with Hesperadin (Figure 7).  
In control cells, astral microtubules were highly dynamic and rarely observed, 
while midzone microtubules were extensively bundled and readily detected 
(Figure 7, a-f).  In contrast, in cells treated with Hesperadin, I easily observed 
bundled astral microtubules elongating towards the protruding cortex (Figure 7, h-
l, arrows).  I occasionally detected abnormal aster-like aggregates of microtubules 
in cells treated with Hesperadin, however, they appeared to be unstable and 
disappeared within a short period (Figure 7, j and k, arrowheads).  Abnormal 
cortical protrusion and ingression were not induced when microtubules were 
disassembled by the microtubule depolymerizing drug nocodazole in cells treated 
with Hesperadin after anaphase onset (data not shown), suggesting that these 
cytokinetic defects were dependent on microtubules.  
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Figure 7:  Live-cell analyses of microtubules in cells treated with Hesperadin 
during cytokinesis. 
 
Astral microtubules are rarely observed in the polar region of control cells treated 
with DMSO (b-f, arrowheads).  In contrast, in cells treated with Hesperadin, astral 
microtubules are abnormally elongated and bundled in the protruding region (h 
and i, arrows).  Abnormal aster-like aggregates of microtubules are occasionally 








3.2.4. Effects of inhibition of aurora B kinase on localization of the spindle 
midzone components 
 
Next, I tested if the mitotic kinesin-like protein 1 (MKLP1) which is known to be 
required for proper formation of spindle midzone and successful 
cytokinesis(Mishima et al., 2002;Somers and Saint, 2003) was involved in 
abnormal cortical activity in cells treated with Hesperadin (Figure 8).  In control 
cells, MKLP1 localized at the midzone during anaphase and cytokinesis (92/92), 
as reported previously (Nislow et al., 1992).  In contrast, in about 45% (45/98) of 
cells treated with Hesperadin, MKLP1 accumulated along the lateral cortex 
outside the equator and/or polar cortex (Figure 8A, arrowheads).  However, in 
these cells, MKLP1 was not localized along the astral microtubules (Figure 8A, 
middle row, merged image).  In addition, elongated and highly polarized astral 
microtubules were observed in cells treated with Hesperadin that showed diffusely 
localized MKLP1 in the cytoplasm (Figure 8A, bottom row, arrow), suggesting 
that bundling of astral microtubules was not dependent on MKLP1 localization.   
 
I also examined the distribution pattern of the spindle midzone component, 
RhoGEF ECT2 (Tatsumoto et al., 1999), in cells treated with Hesperadin.  ECT2 
was distributed throughout the cytoplasm, while it was primarily localized to the 
spindle midzone in control cells (Figure 8B), suggesting that bundling of astral 
microtubules could be regulated by factors other than components of the spindle 
midzone.  
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Figure 8:  Localization of MKLP1 and ECT2 during cytokinesis in cells 
treated with Hesperadin.   
 
(A) HeLa cells treated with DMSO or Hesperadin were fixed and stained with 
DAPI (DNA), anti-MKLP1 antibody (MKLP1) and anti-tubulin antibody 
(Microtubules).  MKLP1 localizes at the spindle midzone in control cells (top 
row).  In contrast, MKLP1 concentrates at the lateral/polar cortex (middle row; 
arrowheads) or appears diffusely in the cytoplasm (bottom row) in cells treated 
with Hesperadin.  Note that MKLP1 is not localized along the bundled astral 
microtubules (arrows).  (B) HeLa cells treated with DMSO or Hesperadin were 
fixed and stained with DAPI (DNA), and anti-ECT2 antibody (ECT2).  Bar, 10 








Previous studies have shown that stablized microtubules at the equatorial region 
are critical for the positioning of the cleavage furrow, while the dynamic astral 
microtubules are responsible to suppress the cortical ingression (Foe and von 
Dassow, 2008; Murthy and Wadsworth, 2008; Chen et al., 2008).  However, it 
remains unknown how astral microtubules maintain the dynamic state during 
cytokinesis. 
 
In this study, inhibition of aurora B kinase activity have demonstrated to cause 
elongation and bundling of astral microtubules during anaphase. Extensive 
elongation of astral microtubules was also observed in cells injected with anti-
aurora B antibody during early mitosis (Kallio et al., 2002).  However, in cells 
treated with Hesperadin, elongation and bundling of astral microtubules were 
observed during anaphase (Figures 6 and 7), indicating that aurora B kinase 
activity is important to maintain the astral microtubule array.   
 
Aurora B could potentially regulate the dynamics of astral microtubules during 
cytokinesis by regulating microtubule associated proteins.  It has been proposed 
that the dynamic states of microtubules are regulated by the balance between 
microtubule-stabilizing and -destabilizing factors (Andersen, 1999).  These factors 
include microtubule-associate proteins (MAPs), MCAK and stathmin/Opt18.  It 
has also been suggested that the dynamic instability of microtubules increases 
dramatically when cells enter mitosis (McNally, 1996).  Upon mitotic entry, 
microtubule-stabilizing factors such as MAPs are phosphorylated and become less 
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efficient in stabilizing microtubules as compared to those of interphase cells, 
leading to the disassembly of the interphase microtubule array (Andersen, 1998).  
In contrast, phosphorylation of MCAK and stathmin disables their microtubule-
destabilization activity and promotes mitotic spindle assembly (Larsson et al., 
1997; Lan et al., 2004; Andrews et al., 2004).  At the moment, it remains 
unknown whether and how these proteins are involved in the regulation of 
microtubule dynamics during cytokinesis.  As the phosphorylation of both MCAK 
and stathmin by aurora B inhibits the microtubule destabilizing activities (Ohi et 
al., 2004; Lan et al., 2004; Gadea and Ruderman, 2006), the direct regulation of 
aurora B on astral microtubules, if any, might be mediated by other MAPs. 
 
Current and previous studies have demonstrated that inhibition of aurora B kinase 
activity affects the organization of midzone microtubules, suggesting that the mis-
localized spindle midzone components might induce abnormal bundling of astral 
microtubules.    
 
A possible candidate of midzone components that may cause abnormal bundling 
of astral microtubules is a member of the centraspindlin complex, MKLP1.  
However, we found that MKLP1 was not localized along astral microtubules in 
cells treated with Hesperadin, suggesting that MKLP1 is not involved in abnormal 
bundling of astral microtubules.  Another possible molecule that induces abnormal 
bundling of astral microtubules is PRC1 (protein-regulating cytokinesis 1). A 
recent study showed that depletion of the spindle matrix protein Tektin2 caused 
disruption of spindle midzone organization (Durcan et al, 2008).  Interestingly, 
PRC1 was found to be associated with non-midzone microtubule bundles 
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extending towards the polar region in cells depleted of Tektin2 (Durcan et al, 
2008), hence, suggesting that PRC1 may lead to bundling astral microtubules 
when the spindle midzone is disorganized. Thus, it is important to examine if 
PRC1 is involved in the formation of abnormally bundled astral microtubules in 
cells treated with Hesperadin. 
 
Depletion of PRC1 in HeLa cells disrupted midzone microtubules and localization 
of the centralspindlin complex (Mollinari C et al, 2004).  In these cells, no 
apparent defects of astral microtubules were observed (Nishimura Y and 
Yonemura S, 2006).  Similarly, C. elegan MKLP1 mutants caused disruption of 
midzone but not astral microtubules (Raich WB, 1998), suggesting the possibility 
that dispersed midzone microtubules/midzone components themselves might not 
be sufficient to induce abnormal bundling of astral microtubules.  
 
It is also possible that aurora B could regulate astral microtubule dynamics 
indirectly by maintaining the proper organization of the cell cortex.  This study 
revealed that aurora B inhibition led to mislocalization of cortical components 
including both F-actin and myosin II.  It has been suggested that the cell cortex 
affects the dynamics of microtubules (Komarova et al., 2002).  In tissue cultured 
cells, the growth of microtubules is persistent in the interior of the cell.  They 
undergo high fluctuations of growth and shrinking when approaching to the cell 
cortex, and dense cortical actin network might be responsible for the maintenance 
of the dynamic status of microtubules (Komarova et al., 2002).  On the other hand, 
it has been shown that an actin associated protein IQGAP captures and stabilizes 
microtubules by binding to the microtubule tip complex at the cell cortex 
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(Gundersen, 2002).   Thus, it is also possible that inhibition of aurora B kinase 
alters cortical organization, which induces abnormal bundling of astral 
microtubules.   
 
In conclusion, these observations suggest that aurora B kinase activity is required 
not only for stabilization of midzone microtubules but also to prevent the 
stabilizing bundling of astral microtubules and to ensure that cytokinesis occurs at 
the cell equator.   
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4.  Molecular mechanisms for the regulation of cleavage furrow formation 
 
4.1.  Introduction 
 
In order to form the cleavage furrow/contractile ring, actin filaments are 
assembled at the equator.  Implication of key regulators of the actin cytoskeleton, 
Rho family GTPases RhoA and Cdc42, in cytokinesis has been suggested 
(Glotzer, 2005).  Particularly, it has been well established that RhoA is required 
for equatorial actin assembly (Glotzer, 2005).  In contrast, the functions of Cdc42 
in cytokinesis remain obscure. 
 
Cdc42 was originally identified in S. cerevisiae, a Cdc42ts mutant blocks budding, 
leading to the formation of large, unbudded cells (Adams et al., 1990).  It was 
shown that Cdc42 was essential for the viability of S. cerevisiae (Johnson and 
Pringle, 1990) and S. pombe (Miller and Johnson, 1994), and the early 
development of D. melanogaster (Genova et al., 2000), C. elegans (Gotta et al., 
2001) and mice (Chen et al., 2000).  Two isoforms of human Cdc42, named 
Cdc42Hs and G25K, were identified.  While Cdc42Hs is ubiquitously expressed, 
G25K is found only in brain.  Unless otherwise stated, Cdc42 is used to refer to 
Cdc42Hs.   
 
Cdc42 is composed of four different domains (Figure 10).  GTP binding and 
hydrolysis domain is required for guanine nucleotide binding and GTP hydrolysis.  
Mutations in this domain affect the GTP binding state, shifting the protein to 
either active or inactive state.  Effector domain is essential for Cdc42 to bind to 
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the GBD domain (GTPase protein binding domain) of its downstream effectors in 
a GTP dependent manner.  Rho insert domain is conserved among Rho family 
GTPases and binds to the upstream effector RhoGDI.  The C-terminal membrane 
binding domain is responsible for its membrane localization and contains the 
conserved sequence CAAX motif (C is cysteine, A is an aliphatic amino acid, and 
X is a terminal amino acid).   
 
The functions of Rho family GTPases including Cdc42 has mainly been studied 
using its constitutively active and dominant negative mutants.  The mutation sites 
of these mutants are in the GTP binding and hydrolysis domain (Figure 10).  In 
the case of Cdc42, substitution of glycine for valine at position 12 (constitutively 
active Cdc42: CACdc42) abolishes the intrinsic GTP hydrolysis ability, which 
signals constitutively to its downstream effectors.  Substitution of threonine for 
asparagine at position 17 of Cdc42 (dominant negative Cdc42: DNCdc42) locked 
Cdc42 in GDP binding state that bind to GEF with high affinity, which titrates out 
GEF that bind to endogenous Cdc42.   
 
Pioneering studies employing the above mutants have demonstrated that Cdc42 is 
the critical regulator for actin cytoskeleton.  Cdc42 induces actin polymerization 
through its downstream effectors WASP/N-WASP (Wiskott-Aldrich syndrome 
protein/Neural Wiskott-Aldrich syndrome protein), which activates Arp2/3.  
Activated Arp2/3 complex binds to the side of the pre-existing actin filament, and 
serves as the actin nucleation site to initiate actin assembly.  Thereby, the 
activation of Cdc42-WASP/N-WASP-Arp2/3 pathway produces the branched 
actin network.  In many cell types, the activation of this pathway is important for 
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the formation of filopodium, which is an actin rich structure important for sensing 
the environment.  Except for WASP/N-WASP, several other Cdc42 downstream 
effectors including IRSp53 (insulin receptor substrate p53) and mDia 
(mammalian diaphanous) have been implicated in the filapodium formation. 
 
It has been suggested that Cdc42 regulates the interaction between microtubules 
and the cell cortex through its downstream effector IQGAP or a process involving 
microtubule motor proteins dynein/dynactin.  IQGAP is localized at the leading 
edge and the base of the filapodium of the polarized tissue cultured cells.  Cdc42 
locating at the base filapodium activates IQGAP, which interacts with the 
microtubule plus end binding protein CLIP170, thereby capturing and stabilizing 
microtubules at filapodium (Watanabe et al., 2004).  Although the detailed 
mechanisms are largely unknown, it has been also shown that Cdc42 regulates 
MTOC re-orientation during wound healing (Palazzo et al., 2001; Etienne-
Manneville and Hall, 2001; Tzima et al., 2003; Gomes et al., 2005).  In one 
model, activated Cdc42 accumulates at the wound edge where it recruits and 
activates mPar6/PKCζ, which in turn regulates the interaction between 
microtubules and the cell cortex through APC, EB1 and dynein/dynactin.  The 
interaction between microtubules and the cell cortex then generates the forces to 
position the MTOC at the leading edge (Palazzo et al., 2001; Etienne-Manneville 
and Hall, 2001; Tzima et al., 2003).  In an alternative model, Cdc42 regulates 
actin-myosin interactions, which generates forces to move the nuclear towards the 
rear end, while mPar6/PKCζ and dynein/dynactin are required for the 
maintenance of the MTOC at the cell center (Gomes et al., 2005).. 
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Cdc42 has been also found to regulate microtubule dynamics directly.  
Phosphorylation of stathmin by a downstream effector of Cdc42, PAK1 (p21-
activated Protein Kinase) prevents its activation and binding to microtubules, 
which causes stabilization of microtubules (Daub et al., 2001).   
 
Cdc42 is associated with membrane with its C-terminal CAAX motif (Johnson, 
1999).  Cdc42 was detected at Golgi by immunofluorescene (Erickson et al., 
1996) and living cell analysis (Michaelson et al., 2001).  FRET (fluorescence 
resonance energy transfer) (Nalbant et al., 2004) has further revealed that 
endogenous Cdc42 was activated at Golgi.  Cdc42 regulates the transportation and 
sorting of the Golgi proteins (Kroschewski et al., 1999; Musch et al., 2001; Luna 
et al., 2002), and is involved in the assembly of Golgi-associated actin 
cytoskeleton (Fucini et al., 2002).  Last but not least, Cdc42 has been also 
implicated in the intracellular traffic by associating with the γ-subunit of the 
coatomer complex (γ COP) (Wu et al., 2000). 
 
Roles of Cdc42 in regulating assymmetric cell division in budding yeast and C. 
elegan embryos have been well-documented.  In C. elegan embryos, the anterior 
and posterior axes are established by the sperm aster after fertilization.  It has 
been postulated that Cdc42 is activated at the posterior side of the embryo by the 
sperm aster.  Activated Cdc42 further recruits and activates Par6-aPKC-Par3 
complex.  Regulation of the pulling forces exerted on the asters by Par proteins is 
involved in the asymmetric positioning of the mitotic spindle (Etienne-Manneville, 
2004).  In budding yeast, Cdc42 is localized at the bud neck where it organizes 
polarized actin cables, and regulates the accumulation of the septin to mark the 
  56
division site during cytokinesis (Gladfelter et al., 2002; Caviston et al., 2003).  
Several recent studies further revealed that Cdc42 regulates actin cytoskeleton and 
membrane protrusion during polar body emission in both Xenpous (Ma et al., 
2006;Zhang et al., 2008) and mouse oocytes (Na and Zernicka-Goetz, 2006; 
Bielak-Zmijewska et al., 2008).   
 
Cdc42 has a potential role in the regulation of symmetric cell division.  Earlier 
work indicated that GTPase activity of Cdc42 is essential for cytokinesis in 
Xenpous embryos (Drechsel et al., 1997).  In HeLa cells, Cdc42 regulates 
microtubule-kinetochore attachment through its downstream target mDia3 during 
mitosis (Yasuda S, 2004).  However, the exact functions of Cdc42 during 
cytokinesis remain unclear. 
 
A recent report showed that during wound healing in Xenopus embryos, a process 
similar to cytokinesis, Cdc42 and RhoA concentrated around the wound in 
distinct zones and had distinct roles in the organization and functions of 
actomyosin (Benink and Bement, 2005).  While RhoA regulated contractility, 
Cdc42 provided actin filaments to the wound region (Benink and Bement, 2005).  
During cell division in mammalian cells, FRET-based analyses have revealed that 
Cdc42 activity is relatively high in the cytoplasm outside the equator, whereas 
RhoA is active at the plasma membrane including the cleavage furrow region 
(Yoshizaki et al., 2003).  These observations suggest the possibility that, as seen 
in wound healing and polar body emission (Ma et al., 2006; Zhang et al., 2008), 
RhoA and Cdc42 may have distinct but complementary functions in the cleavage 
furrow formation in cytokinesis of mammalian cells.   
  57
 
In order to understand the mechanism of the cleavage furrow formation, this study 
has focused on the functions of Cdc42 in the regulation of actin cytoskeleton 
during cytokinesis of mammalian epithelial cells. 
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Figure 9:  Schematic representation of domains of Cdc42.   
 
GTP binding and hydrolysis domain (blue), effector domain (orange), Rho insert 
domain (purple), membrane binding domain (green) are indicated.  Red 
arrowhead shows constitutive active mutant which contains a substitution of 
glycine by valine at position 12.  Green arrowhead indicates dominant negative 
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4.2   Results 
 
4.2.1 Effects of modulation of Cdc42 activity on cytokinesis  
 
To examine if inhibition or constitutive activation of Cdc42 affects cytokinesis, 
NRK  cells were transfected with GFP fused dominant negative Cdc42 (GFP-
DNCdc42), and the constitutively active Cdc42 (GFP-CACdc42) and observed 
with phase-contrast optics (Figure 10).  Around 30% of cells transfected with 
GFP-DNCdc42 showed cytokinesis failure (n = 32).  Typically, the failure 
involved slow furrow ingression and regression from one side of the equator 
(Figure 10, DNCdc42).  In cells transfected with GFP-DNCdc42, the duration of 
cytokinesis (from anaphase onset to formation of midbody) was significantly 
longer in GFP-DNCdc42-transfected cells that managed to divide (16.3 ± 1.1 min, 
n = 19) as compared to control nontransfected cells (10.9 ± 0.6 min, n = 11; 
Figure 10B).  In addition, about 60% of cells transfected with GFP-CACdc42 
failed cytokinesis (n = 18).  Moreover, in ~70% of GFP-CACdc42 transfected 
cells that failed cytokinesis, no apparent furrow ingression was observed (Figure 
10, CACdc42).  When GFP tagged wild type Cdc42 was transfected, no 
cytokinesis failure was observed, but a slightly, yet significantly, slower furrow 
ingression was detected (14.4 ± 1.4 min, n = 15), indicating an increase of Cdc42 
activity.  Taken together, these results indicate that modulation of Cdc42 activity 
affects cytokinesis. 
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Figure 10:  Modulation of Cdc42 activity affects cytokinesis. 
  
(A) Control non-transfected NRK cells (control) and NRK cells transiently 
transfected with GFP-tagged, dominant negative Cdc42 (DNCdc42) and 
constitutively active Cdc42 (CACdc42) were monitored by phase-contrast optics.  
DNCdc42 showed slow furrow ingression (arrows) and regression from one side 
of the equator (arrowheads), whereas CACdc42 completely failed furrow 
ingression.  Time elapsed in minutes since anaphase onset is shown at the top-
right corner of each image.  Scale bar represents 10 µm.   (B) Average duration of 
cytokinesis in control non-transfected cells, or cells transfected with GFP-
DNCdc42 that managed to divide.  Duration of cytokinesis is ~16 min in cells 
transfected with GFP-DNCdc42 that managed to complete cytokinesis, whereas it 
is ~ 10 min in control non-transfected cells.  Duration of cytokinesis is ~14 min in 







4.2.2  Effects of modulation of Cdc42 activity on RhoA localization 
 
As modulation of Cdc42 activity affects the distribution pattern of active RhoA in 
single-cell wound healing (Benink and Bement, 2005), and polar body emission 
in frog oocytes (Zhang et al., 2008), I examined if modulation of Cdc42 activity 
influenced RhoA localization during cytokinesis in NRK cells.  I stained cells 
transfected with GFP-CACdc42 or GFP-DNCdc42 for RhoA.  In control cells, 
RhoA concentrated to the cleavage furrow (Figure 11A, control).  In contrast, in 
over 70 % of cells transfected with GFP-DNCdc42, RhoA was broadly distributed 
in the spindle midzone (Figure 11A and B, GFP-DNCdc42).  The width of 
accumulated RhoA at the equator in cells transfected with GFP-DNCdc42 was 
larger than that in control cells independently of their cell size (Figure 11C).  In 
cells transfected with GFP-CACdc42, I frequently observed that RhoA was 
eliminated from the equator and distributed throughout the cytoplasm (Figure 11A 
and B, GFP-CACdc42).  Quantification of RhoA fluorescence intensity revealed 
that the total amount of RhoA remained unchanged when Cdc42 activity was 
modulated (Figure 11D), suggesting that modulation of Cdc42 activity affects 
RhoA localization but not its expression level.  These results suggest that as in 
wound healing and polar body emission (Benink and Bement, 2005; Zhang et al., 
2008), Cdc42 influences RhoA localization during cytokinesis in mammalian 
epithelial cells.  
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Figure 11:  Modulation of Cdc42 activity affects RhoA pattern.  
 
(A) Control NRK cells (control) or NRK cells transiently transfected with GFP-
DNCdc42 (DNCdc42) or GFP-CACdc42 (CACdc42) were fixed and stained for 
RhoA.  RhoA is broadly distributed between separated chromosomes in cells 
transfected with GFP-DNCdc42 (compare the length of the arrow with that in 
control cells), whereas it is dispersedly localized in cells transfected with GFP-
CACdc42.  Scale bar represents 10 µm.  (B) The percentage of cells that showed 
abnormal localization of RhoA in control cells, cells transfected with GFP-
DNCdc42 (DNCdc42) or GFP-CACdc42 (CACdc42).  (C)  Plot of the width of 
the accumulated RhoA at the equator versus cell size (long-axis) in control cells 
(n = 7) and in cells transfected with GFP-DNCdc42 (n = 8).  (D) Quantification of 
RhoA fluorescence intensity in cells transfected with GFP-DNCdc42 (n = 9) or 
GFP-CACdc42 (n = 5) compared with control cells (n = 8).  Error bars represent 




4.2.3.  Effects of modulation of Cdc42 activity on the dynamics and 
organization of actin cytoskeleton 
 
4.2.3.1.  Effects of inhibition of Cdc42 activity on the dynamics and 
organization of actin cytoskeleton 
 
Next, the effects of Cdc42 inhibition on actin cytoskeleton were examined.  
Because similar phenotype was observed in NRK cells transfected with GFP-
Cdc42 mutants and mRFP-Cdc42 mutants, NRK cells were transfected with both 
GFP-actin and mRFP-DNCdc2 and monitored by time-lapse fluorescence 
microscopy.  In control cells transfected with GFP-actin alone, GFP-actin started 
accumulating and concentrating to the equator shortly after chromosome 
separation (Figure 12A and B, control).  In contrast, in cells transfected with 
mRFP-DNCdc42, GFP-actin failed to concentrate at the equator and instead 
distributed broadly in the spindle midzone (Figure 12A and B, DNCdc42).  As 
cells transfected with mRFP-DNCdc42 showed no defects in chromosome 
separation (Figure 12C), and the size of the contractile ring  was estimated by 
calculating the ratio of the width of concentrated GFP-actin at the equator over 
the distance between separated chromosomes during furrow ingression.  The size 
of the contractile ring in cells transfected with mRFP-DNCdc42 was found 
significantly wider than that of control cells (50.6 ± 5.0 % versus 34.9 ± 3.5 %; 
Figure 12D).  The amount of GFP-actin concentrated at the equator in control 
cells transfected with GFP-actin alone and cells transfected with both GFP-actin 
and mRFP-DNCdc42 was also estimated by calculating the ratio of GFP-actin 
intensity in the entire equatorial region over that of the whole cell at early and late 
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anaphase (Figure 12E).  There was no significant difference in the amount of 
GFP-actin at the equator between these cells (Figure 12E, left).  In contrast, at late 
anaphase, a larger amount of GFP-actin was detected at the equator in cells 
transfected with mRFP-DNCdc42 as compared to control cells (Figure 12E, right).  
These results suggest that DNCdc42 expression caused broad and prolonged 
accumulation of actin at the equator.   
 
To determine if inhibition of Cdc42 activity affects actin dynamics along the 
equator, FRAP analysis of GFP-actin in cells transfected with mRFP-DNCdc42 
was performed.  The recovery half-time of GFP-actin at the equator in control 
cells transfected with GFP-actin alone was 23.9 ± 1.3 seconds (n = 9; Figure 12F).  
Strikingly, the recovery half-time of GFP-actin in cells co-transfected with 
mRFP-DNCdc42 was found significantly faster as compared to control cells (t1/2 
= 18.3 ± 1.8 s; n = 7; Figure 12F), suggesting that Cdc42 inhibition leads to the 
enhancement of actin turnover.   
  
To examine the effects of Cdc42 inhibition on the organization of the contractile 
ring, cells transfected with GFP-DNCdc42 were stained with antibodies that 
specifically recognize myosin II regulatory light chain phosphorylated at Ser19 
(p-MRLC) and rhodamine-phalloidin.  Both actin filaments and p-MRLC were 
broadly distributed around the equator in cells transfected with mRFP-DNCdc42, 
whereas they were concentrated at the equator in neighboring non-transfected 
cells (Figure 12G).  Taken together, these results suggest that Cdc42 activity is 
required to stabilize actin filaments, which is required for the formation of tight 
acto-myosin ring. 
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Figure 12:  Inhibition of Cdc42 activity affects actin dynamics and 
organization.   
 
 
(A) NRK cells were transiently transfected with GFP-actin (control) or both GFP-
actin and mRFP-DNCdc42 (DNCdc42) and monitored by time-lapse fluorescence 
optics.  Time elapsed in minutes since anaphase onset is shown at the top-right 
corner of each image.  Scale bar represents 10 µm.  (B) Kymograph analysis of 
GFP-actin in cells shown in (A).  GFP-actin concentrates to the equator in control 
cells during furrow ingression, whereas it broadly and unstably distributes 
between separated chromosomes in cells transfected with mRFP-DNCdc42.  Time 
elapsed in minutes since anaphase onset is shown.  (C) Quantification of the 
length of the spindle midzone.  The ratio of the distance between separated 
chromosomes over the length of the long cell axis in control cells (n = 11) or cells 
transfected with mRFP-DNCdc42 (n= 8) is shown.  (D) Quantification of the size 
of the contractile ring in control cells transfected with GFP-actin (n = 11) and 
cells transfected with both GFP-actin and mRFP-DNCdc42 (n = 8).  The graph 
shows the ratio of the width of the concentrated GFP-actin at the equator over the 
distance between separated chromosomes.  Error bars represent mean ± SEM; *p 
< 0.05.  (E) Quantification of the amount of GFP-actin at the equator in control 
cells (n = 11) and cells co-transfected with mRFP-DNCdc42 (n = 8) at early (left) 
and late (right) anaphase.  The graph shows the ratio of GFP-actin intensity in the 
entire equatorial region over that of the whole cell.  Error bars represent mean ± 
SEM; *p < 0.05.  (F) FRAP analysis of GFP-actin in cells transfected with mRFP-
DNCdc42.  Cells transfected with GFP-actin (n = 7) or cells transfected with both 
GFP-actin and mRFP-DNCdc42 (n = 9) were photobleached at the equator.  Error 
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bars represent mean ± SEM; *p < 0.05.  (G) NRK cells transiently transfected 
with GFP-DNCdc42 (green) or control non-transfected cells were stained with 
anti-P-MRLC antibodies (blue) and rhodamine-phallodin (red).  The scale bar 
represents 10 µm.  
   
 
  




4.2.3.2.  Effects of overstimulation of Cdc42 activity on the dynamics and 
organization of actin cytoskeleton 
 
Next, the effects of constitutive activation of Cdc42 on actin dynamics and 
organization during cytokinesis were examined.  In cells transfected with mRFP-
CACdc42 together with GFP-actin, I frequently observed accumulation of GFP-
actin around the equator during anaphase (Figure 13A).  However, actin formed 
abnormally thick bundles and/or aggregates not only along the equator but also 
throughout the cytoplasm (Figure 13A, arrow).  Immunofluorescence of GFP-
CACdc42 transfected cells further revealed that actin filaments formed thick, 
disorganized bundles around the equator and p-MRLC was localized along these 
bundles (Figure 13B).  
 
I noticed that CACdc42 expression induced the formation of thick actin bundles 
(Figure 13A), although the majority of RhoA was eliminated from the equator 
(Figure 11A), suggesting the possibility that equatorial actin assembly involves 
Cdc42 but not RhoA dependent pathway.  It has been shown that Cdc42 promotes 
actin assembly through its downstream effector, N-WASP (Rohatgi et al., 1999).  
N-WASP (and WASP) is an actin nucleation promoting factors (Millard et al., 
2004; Stradal and Scita, 2006) involved in the activation of an actin nucleator 
Arp2/3 (actin related protein 2/3), which leads to the initiation of actin 




 In order to test this possibility, I microinjected wiskostatin (Peterson et al., 2004), 
an inhibitor of N-WASP, into cells transfected with mRFP-CACdc42 together 
with GFP-actin at prometaphase or metaphase.  Strikingly, microinjection of 
wiskostatin blocked formation of actin bundles around the equator in cells 
transfected with both GFP-actin and mRFP-CACdc42 (n = 9; Figure 13C), 
suggesting that Cdc42 activity is involved in equatorial actin assembly. 
 
Although RhoA is dispersed from the equator, RhoA activity may be involved in 
the formation of abnormal actin bundles in cells transfected with CACdc42.  To 
test this possibility, A RhoA specific inhibitor C3 transferase was microinjected 
into prometaphase/metaphase cells that transfected with mRFP-CACdc42 and 
GFP-actin. Then the cells were monitored by time-lapse fluorescence microscopy.  
In cells transfected with GFP-actin alone, C3 injection prevented the 
accumulation of GFP- actin at the equatorial region, causing cytokinesis failure 
(Figure 13).  Similarly, in cells transfected with both mRFP-CACdc42 and GFP-
actin that was microinjected with C3, we observed no apparent accumulation of 
GFP-actin at the equator (Figure 13).  These results suggest that CACdc42 
expression may not affect RhoA activity in the cell and that the formation of 
abnormal actin bundles in cells transfected with CACdc42 involves RhoA activity.
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Figure 13:  Constitutive activation of Cdc42 induces the formation of 
abnormal actin bundles.   
 
(A)  NRK cells were transiently transfected with GFP-actin (control) or both 
GFP-actin and mRFP-CACdc42 (CACdc42) and monitored by time-lapse 
fluorescence optics.  Thick actin bundles are observed around the equator in cells 
transfected with mRFP-CACdc42 (arrow).  Time elapsed in minutes since 
anaphase onset is shown at the top-right corner of each image.  The scale bar 
represents 10 µm.  (B) NRK cells transiently transfected with GFP-CACdc42 
(green) or control non-transfected cells were stained with anti-P-MRLC 
antibodies (blue) and rhodamine-phalloidin (red).  Three-dimensional 
reconstructed images are presented.  The scale bar represents 10 µm. (C) NRK 
cells transiently transfected with both GFP-actin and mRFP-CACdc42 were 
microinjected with wiskostatin at prometaphase/metaphase and monitored by 
time-lapse fluorescence optics.  Actin bundles are hardly observed in cells 
transfected with mRFP-CACdc42 that were microinjected with wiskostatin (n = 
9).   (D)  NRK cells were transiently transfected with GFP-actin (control) or both 
GFP-actin and mRFP-CACdc42 (CACdc42) microinjected with c3 
prometaphase/metaphase and monitored by time-lapse fluorescence optics.  .  
Formation of actin bundles are hardly observed in cells transfected with mRFP-







4.2.4  Involvement of N-WASP in de novo actin assembly at the equator 
 
Next, I examined if endogenous N-WASP localized at the cleavage furrow by 
immunofluorescence.  N-WASP was found primarily concentrated at the equator 
and colocalized with actin filaments during cytokinesis (Figure 14A, arrows).   
 
A recent study showed that flux-dependent actin transport to the equator required 
myosin II activity and that de novo actin assembly was detected at early anaphase 
when such activity was inhibited (Zhou and Wang, 2008).   Thus, in order to 
further examine if N-WASP is involved in de novo actin assembly at the equator, 
GFP-actin-transfected cells were treated with blebbistatin, an inhibitor of myosin 
II activity (Straight et al., 2003), and then microinjected with wiskostatin at 
prometaphase or metaphase.  The cells were monitored by time-lapse 
fluorescence microscopy during early anaphase.  In control blebbistatin treated 
cells, the fluorescence intensity of GFP-actin gradually increased at the equator 
during early anaphase (Figure 14B, a, arrows and b).  In contrast, in blebbistatin 
treated cells that microinjected with wiskostatin, I detected only a slight increase 
of GFP-actin intensity when furrow ingression was completely inhibited (Figure 
14B).  These results suggest that N-WASP is involved in de novo actin assembly 
at the equator at early anaphase.   
 
In order to examine if inhibition of Cdc42-N-WASP-dependent actin assembly 
activity affects cytokinesis, cells transfected with GFP-actin were microinjected 
with wiskostatin at prometaphase or metaphase and monitored by fluorescence 
microscopy during cell division.  I observed no apparent defects in both equatorial 
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actin accumulation and cytokinesis (n = 12; Figure 14C), suggesting that N-
WASP dependent pathway is not essential for equatorial actin accumulation. 
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Figure  14:  N-WASP is involved in de novo actin assembly at the equator.   
 
(A) NRK cells were fixed and stained with antibodies against N-WASP (blue) and 
rhodamine-phalloidin (red).  N-WASP localizes to the equator along actin 
filaments (arrows).  (B) (a) NRK cells transiently transfected with GFP-actin were 
treated with (-)-blebbistatin and microinjected with wiskostatin at 
prometaphase/metaphase and monitored by time-lapse fluorescence optics.  Time 
elapsed in seconds since anaphase onset is shown at the top-right corner of each 
image. (b) Quantification of GFP-actin intensity at the equator and polar region in 
control cells treated with -blebbistatin (n = 9) and cells treated with (-)-
blebbistatin and microinejected with wiskostatin (n = 7).  Zero indicates the time 
of anaphase onset.  Each value represents mean ± SEM (b).  (C) NRK cells 
transiently transfected with GFP-actin were microinjected with wiskostatin at 
prometaphase/metaphase.  Microinjection of wiskostatin caused no apparent 
effects on equatorial actin assembly and furrow ingression (n = 12).  Time elapsed 




4.2.5. Localization of Cdc42 during cytokinesis 
 
To examine the localization of endogenous Cdc42 during cell division, I stained 
NRK cells for Cdc42.  Endogenous Cdc42 was found diffusely localized 
throughout the cytoplasm until mid-anaphase (Figure 15).  However, during late 
anaphase and telophase, endogenous Cdc42 appeared to be gradually eliminated 
from the midbody (Figure 15).  The localization of Cdc42 in living cells was also 
analyzed.  To do this, GFP fused wild type Cdc42 (GFP-Cdc42) is transfected 
into NRK cells, and then cells weakly expressing GFP-Cdc42 was monitored by 
time-lapse fluorescence microscopy.  GFP-Cdc42 was observed distributed 
throughout the cytoplasm during cell division.  These results suggest that Cdc42 




Figure 15:  Localization of Cdc42 during cytokinesis. 
 
(A) Localization of endogenous Cdc42 in interphase and anaphase.  NRK cells 
were fixed and stained for endogenous Cdc42.  (B) Dynamics of GFP-Cdc42 
during cell division.  NRK cells mildly expressing GFP-Cdc42 were monitored 













One of the long standing questions in the cytokinesis field is how actin and 
myosin II assemble to the cleavage furrow.  Current efforts to address this 
question have been focusing on understanding how actin regulatory proteins 
accumulate at the equator and how they regulate equatorial actin assembly.  In the 
current model, RhoGEF ECT2 and RhoGAP MgcRacGAP localized at the equator 
stimulate accumulation (presumably activation) of RhoA, which in turn promote 
the formation of the contractile ring.  However, this model suffers from the 
following limitations. 
 
Firstly, this model only focuses on functions of proteins localized at the eqautor.  
There are substantial bodies of evidence that cytokinesis involves not only the 
equatorial but also entire cortex (Wang, 2005).  A comprehensive quantitive 
analysis considering forces generated by actomyosin, a Laplace pressure 
generated by material properities and geometry of the cells, resistive stresses 
produced by the cell cortex, and the cytoplasm viscosity from Robinson’s lab also 
substantiated that all these parameters are likely involved in the regulation of the 
dynamics of cytokinesis (Zhang and Robinson, 2005).  Therefore, in addition to 
analyzing the functions of actin regulating and modulating proteins at the equator, 
it will be equally important to elucidate the functions of such proteins at other 
cellular locations during cytokinesis.   
 
Secondly, it remains controversial how ECT2 and MgcRacGAP regulate RhoA 
activity during cytokinesis.  It has been shown that both ECT2 and MgcRacGAP 
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exhibit high affinity not only to RhoA but also Cdc42 and Rac1 (Toure et al., 
1998; Tatsumoto et al., 1999).  In HeLa cells, ECT2 and MgcRacGAP regulate 
Cdc42 activity during mitosis (Oceguera-Yanez et al., 2005). Phosphorylation of 
MgcRacGAP by auroraB kinase switches the activity of MgcRacGAP towards 
RhoA during late cytokinesis (Minoshima et al., 2003).   Based on these 
observations, it is speculated that ECT2 activates RhoA activity at the early stage 
of cytokinesis and subsequently MgcRacGAP inactivates such activity at the late 
stage of cytokinesis (Glotzer, 2005).  If this is the case, RhoA activity likely 
increases until MgcRacGAP starts acting on RhoA, which presumably broadens 
active RhoA zone during early-mid cytokinesis.  However, the width of RhoA 
zone is constant during furrow ingression at least in sea urchin embryos (Bement 
et al., 2005).  A recent study from the Bement’s group revealed that the 
overexpression of MgcRacGAP lacking GAP activity broadened the active RhoA 
zone, whereas overexpression of wild type MgcRacGAP reduced the width of 
active RhoA zone during cytokinesis in Xenopus embryos, suggesting that 
MgcRacGAP may regulate RhoA activity throughout cytokinesis (Miller and 
Bement, 2009). On the other hand, Canman et al (2008) showed that 
overexpression of the MgcRacGAP mutant that lacked GAP activity inhibited 
furrow ingression in C. elegan embryos.  Interestingly, this cytokinetic defect was 
rescued by depletion of Rac1, suggesting that inhibition of Rac1 activity by 
MgcRacGAP is required for furrow ingression (Canman et al., 2008).  Therefore, 
it is essential to investigate the relationship among MgcRacGAP, RhoA, Rac1 
activities at a specific time and place during cytokinesis. 
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It has been shown that cross-talk between two different Rho family GTPases are 
involved in the regulation of actin cytoskeleton in several cellular processes 
(Rottner et al., 1999; Benink and Bement, 2005; Groeger and Nobes, 2007; Zhang 
et al., 2008).  Specifically, it has been shown that distinct but complementary 
functions of RhoA and Cdc42 regulate actomyosin contractions in wound healing 
and polar body emission in frog oocytes.  These observations raise the intriguing 
possibility that such regulation may be also involved in cytokinesis. (Benink and 
Bement, 2005). 
 
Finally, in the current model, the contractile ring is formed by using both pre-
existing and newly polymerized actin filaments.  It is believed that RhoA and its 
downstream effector mDia triggers de novo actin polymerization at the equator, 
which might not be true.  The initiation of actin polymerization involves actin 
nucleation factors, Arp2/3 or mDia.  Activation of these two proteins leads to the 
distinct organization of actin filaments.  It has been shown that N-WASP activates 
Arp2/3 and forms the branched actin network, while RhoA activates mDia and 
organizes unbranched actin bundles (Chhabra and Higgs, 2007).  Thus, if only 
RhoA-mDia pathway is involved in the formation of the contractile ring, the long 
unbranched actin filaments are expected to be observed at equator.  However, 
such actin filaments are rarely observed during cytokinesis in some conditions 
(Reichl et al., 2008). 
 
In this study, it has been found that Cdc42 localized throughout cytoplasm and the 
cell cortex during anaphase and telophase in NRK cells, suggesting that Cdc42 
may be active throughout the entire cell during cytokinesis.  Consistent with this 
observation, FRET-based analyses showed that Cdc42 activity was high in the 
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cytoplasm (Yoshizaki et al., 2003).  Strikingly, as in polar body emission in frog 
oocytes (Ma et al., 2006; Zhang et al., 2008), results for this studies have shown 
that Cdc42 activity influences RhoA localization during cytokinesis in 
mammalian epithelial cells.  Inhibition of Cdc42 activity caused broad 
distribution of RhoA at the equator, whereas activation of Cdc42 eliminated 
RhoA from the equator, suggesting that Cdc42 which localized at cytoplasm 
negatively regulates RhoA localization at equator.   
 
I observed that DNCdc42 expression led to failure in the formation of tight actin 
ring (Figure 12).  Thus, it is unlikely that inhibition of Cdc42 activity increases 
RhoA activity because overexpression of Rho kinase caused an increase in MRLC 
phosphorylation, leading to the formation of thick actin bundles (Ueda et al., 
2002).  My observations suggest that inhibition of Cdc42 activity may reduce 
RhoA activity, which affects the functions of the downstream effector such as 
cofilin, leading to acceleration of actin turnover and therefore failure in proper 
interaction between actin filaments and myosin II (see also below).   
 
It is equally possible that Cdc42 may directly regulate actin dynamics throughout 
the cytoplasm.  A possible downstream effector of Cdc42 (and RhoA), which is 
able to regulate actin turnover, is an actin depolymerizing protein cofilin (Carlier 
et al., 1997; Theriot et al., 1997; Lappalainen and Drubin, 1997; Rosenblatt et al., 
1997).  Involvement of cofilin in cytokinesis in mammalian cells has been 
suggested (Yang et al., 2004; Hotulainen et al., 2005).  Thus, Cdc42 (or an 
increase of RhoA activity by Cdc42) may stabilize actin filaments by 
phosphorylating and inhibiting cofilin activity (Yang et al., 1998; Arber et al., 
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1998), which is required for proper acto-myosin interactions (Nishida et al., 1984; 
Amano et al., 2002) and thus furrow ingression.  Since Cdc42 as well as 
phophorylated cofilin (Amano et al., 2002) are distributed throughout cytoplasm 
in mammalian cells, direct regulation of actin dynamics by Cdc42 may be 
plausible. 
 
Thus I proposed that Cdc42 at cytoplasm may negatively regulates equatorial 
RhoA localization during cytokinesis,  possibly similar to cell migration (Ridley, 
2001) and wound healing (Benink and Bement, 2005), cross-talk between Rho 
family GTPases plays an important role in the regulation of cytokinesis in animal 
cells.  During cytokinesis Cdc42 could affect the upstream regulators of RhoA (i.e. 
ECT2 and MgcRacGAP).  My preliminary experiments showed that 
overstimulation of Cdc42 activity affected the spindle organization, particularly 
the organization of astral microtubules (data not shown).  It was shown that ECT2 
and MgcRacGAP were associated with a subpopulation of astral microtubules that 
elongated to the equator (Nishimura and Yonemura, 2006).  Thus, proper 
regulation of Cdc42 activity may be required for proper localization of ECT2 and 
MgcRacGAP at the equator.  Future work should confirm this observation. 
 
It is also important to investigate how Cdc42 activity is regulated during 
cytokinesis.  It has been suggested that ECT2 and MgcRacGAP regulate Cdc42 
activity during mitosis (Oceguera-Yanez et al., 2005).  However, our results 
showed that Cdc42 is localized throughout the cytoplasm, indicating that other 
members of GEFs and GAPs may be involved in the regulation of Cdc42 activity.  
In fact, in mammals, over 80 members of GEFs are found so far (Schmidt and 
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Hall, 2002; Meller et al., 2005).  Thus, it is important to investigate if these GEFs, 
in particular Cdc42-specific GEF such as Tuba (Salazar et al., 2003), Fgd1 (Zheng 
et al., 1996), Zizimin1 (Meller et al., 2002), are involved in the activation of 
Cdc42 during cytokinesis.  
 
Using a two pronged strategy of microinjecting wiskostatin that inhibits N-WASP 
activity at specific time point and blebbistatin treatment that inhibits flux-
dependent actin recruitment (Zhou and Wang, 2008), I have revealed that Cdc42 
promotes actin assembly at the equator through N-WASP.  The mechanism by 
which N-WASP concentrates at the cleavage furrow is currently unknown.    
Accumulation of N-WASP to the equator is likely sufficient for activation of actin 
polymerization, even if the activity of Cdc42 is relatively low at the equator 
during cell division.  On the other hand, a RhoGEF ECT2 has been suggested to 
activate not only RhoA but also Cdc42 and Rac1 (Tatsumoto et al., 1999). 
Interestingly, it has shown that the expression of dominant negative RhoGEF 
ECT2 decreased the amount of active Cdc42 from metaphase to telophase 
(Tatsumoto et al., 1999; Oceguera-Yanez et al., 2005).  Since ECT2 is localized 
to the cleavage furrow, it is possible that Cdc42 is activated by ECT2 at the 
equator, which in turn activates N-WASP at that region during early anaphase.   
 
Unlike the recent report (Bompard et al., 2008), I did not observe cytokinesis 
failure in NRK cells microinjected with wiskostatin during early mitosis.  
Similarly, knockdown of N-WASP and overexpression of the N-WASP mutant 
that could not interact with the Arp2/3 complex also caused no apparent 
cytokinetic defects (Bompard et al., 2008).  What is the role of Cdc42-N-WASP 
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dependent de novo actin assembly in cytokinesis?  My results indicate that actin 
assembly driven by N-WASP occurs at early anaphase, suggesting that Cdc42-N-
WASP dependent pathway is involved in the initial assembly of actin filaments.  
A slight increase in the amount of equatorial actin was still observed when both 
flux-dependent actin recruitments and Cdc42-N-WASP de novo assembly were 
inhibited (Figure 14), suggesting that de novo actin assembly involves other 
mechanisms, most likely including RhoA and mDia (Glotzer, 2001), and that such 
mechanisms may be redundant and therefore compensate each other in the 
cleavage furrow formation. 
 
Alternatively, in mammalian epithelial cells, Cdc42-N-WASP-dependent de novo 
assembly may function in the late stage of cytokinesis (i.e. abscission) and/or the 
formation of interphase array of actin filaments at the subequatorial region, which 
could not be detected during the short period of time-lapse recording.  Supporting 
this idea, in fission yeast, WASP and the Arp2/3 complex are involved in the 
processes of late cytokinesis, including septum formation and cell separation, but 
are not required for the assembly of the contractile ring (Wu et al., 2006). 
 
 
Taken together, I propose that distinct but complementary functions of RhoA and 
Cdc42 are involved in the cleavage furrow formation in mammalian epithelial 
cells (Figure 16).  Cdc42 likely contributes to the formation of the cleavage 
furrow by supplying the stabilized actin filaments (both pre-existing and newly 
polymerized actin filaments) to the equator, while RhoA is responsible for proper 
interaction between actin filaments and myosin II.  My results also suggest that 
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proper regulation of actin filaments both at and outside the equator are required 
for the formation of the cleavage furrow.   
 
Actin is highly dynamic in the Cdc42 zone during polar body emission (Zhang et 
al., 2008), whereas Cdc42 stabilizes actin filaments during cytokinesis of 
mammalian cells.  Thus, unlike RhoA, Cdc42 likely has different targets among 
the different acto-myosin dependent events.  Previous reports also suggested that 
Cdc42 is involved in microtubule-kinetochore attachment (reference), however, 
such defects have not been observed in this study, indicating that the effect of 
Cdc42 might be cell line specific. 
  83
Figure 16:  Proposed model for the regulation of cleavage furrow formation 
by RhoA and Cdc42 
 
The findings of the present study are highlighted in red.  Cdc42 contributes to the 
cleavage furrow formation by stabilizing actin filaments presumably by regulating 
cofilin activity, promoting de novo actin assembly via N-WASP, and regulating 










Overall, this study provides the evidence that cytokinesis requires the integrity of 
microtubules and actin cortex not only at the equatorial region but also entire cell 
at the molecular level.   
 
In the Chapter 3, I showed that a member of the chromosome passenger complex, 
aurora B kinase, which localizes to the equatorial region, is actually required to 
maintain the dynamic state of astral microtubules in the polar region during 
cytokinesis.  Currerntly, it is unknown which moleules are required to associate 
with dynamic astral microtubules and how these molecules are regulated by 
aurora B.  Further experiments should identify the downstream effectors of aurora 
B that is able to regulate the microtubule stability including PRC1 to elucidate the 
molecular mechanisms underlying the regulation of microtubule dynamics during 
cytokinesis. 
 
Another interesting discovery in the Chapter 3 was that mispositioning of the 
cleavage furrow was able to induce furrow ingression in the absence of the 
formation of the ‘contractile ring’ structure in cells treated with Hesperadin.  This 
observation argues against the ‘contractile ring’ model.  Several experiments have 
demonstrated that the entire cortex, especially the polar cortex (O'Connell, 2001, 
Mukhina et al., 2007), is involved in the regulation of furrow ingression.  It was 
proposed that synchronization of cortical actomyosin flows from two spindle 
poles towards the equator is important to establish the cleavage furrow (Paluch et 
al., 2006).  In cells treated with Hesperadin, one polar cortex showed abnormal 
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protrusion, indicating that cortical flow became aberrant.  Moreover, in cells 
treated with Hesperadin, cytokinetic regulators including actin filaments and 
myosin II failed to localize at the cleavage furrow and instead accumulated at the 
lateral/polar cortex, indicating that accumulation of these proteins to the cleavage 
furrow is important to prevent their association with other cortical regions.  
Alternatively, mislocalized cytokinetic regulators might induce aberrant cortical 
flow, which in turn leads to ingression of the ectopic furrow.  Taken together, 
aurora B kinase activity may be involved in the regulation of the cortical flow, 
which is important for the positioning of the cleavage furrow by regulating the 
localization of the cytokinetic regulators. 
 
Majority of the research in the cytokinesis field has been focused on the functions 
of proteins that accumulate at the cleavage furrow.  However, the data presented 
in the Chapter 4 demonstrated the importance of the proteins localized throughout 
the cell in cytokinesis.  Remarkably, this study also provides the evidence that 
there is a Cdc42-N-WASP-dependent de novo actin assembly mechanism at the 
equator.  The initiation of actin polymerization involves actin nucleation factors, 
Arp2/3 or mDia.  Activation of these two proteins leads to the distinct 
organization of actin filaments.  It has been shown that N-WASP activates Arp2/3 
and forms the branched actin network, while RhoA activates mDia and organizes 
unbranched actin bundles (Chhabra and Higgs, 2007).  It is believed that RhoA 
and its downstream effector mDia triggers de novo actin polymerization at the 
equator.  However in both mammalian tissue culture cells (Fishkind and Wang, 
1993) and Dictyostelium (Reichl et al., 2008) an apparent contractile ring 
structure are rarely observed during cytokinesis.  Thus, the ‘contractile ring’ could 
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possibly contain branched actin filaments polymerized through Cdc42-N-WASP 
dependent pathway.   
 
Taken together, these data indicate that cytokinesis involves not only equatorial 
region but also entire cell.  Proper accumulation of cytokinetic regulators at the 
equatorial cell cortex is crucial for proper organization of the other part of the cell 
cortex, which ensures that furrow ingression occurs precisely at the midway 
between separated chromosomes. 
 
In order to further understand the regulation of cytokinesis, it is important to 
unveil the detailed dynamics and the organization of cytoskeletal proteins and 
their contributions to the force generation for cell division.  Due to the rapid 
dynamics of the cytoskeletal proteins, current research is heavily dependent on 
microscopic imaging which is limited to one focal plane.  Given the evidence that 
the entire cortex is involved in cytokinesis, it is likely that cytoskeletal proteins 
have different dynamic properties in different time and place.  Thus it is essential 
to analyze the cytoskeletal dynamics using 3D imaging system.   
 
It should be minded that the dynamics of cytoskeletal proteins are influenced by 
multiple parameters such as specific proteins, physical restraints, pH, viscosity, 
free tubulin/G-actin, and its diffusion coefficiency.  Developing the mathematic 
models will help towards a complehensive understanding of the regulation of the 
dynamics of the cytoskeleton during cytokinesis. 
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